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Chapter 1. General introduction
Semiconductor materials with superior physicochemical and optical properties are
being employed for potential uses in diverse applications. The semiconductor acts as a
photocatalyst for the light-induced photochemical reactions because of its unique electronic
structure characterized by a filled valence band (VB) and an empty conduction band (CB).
The prerequisite for an efficient photocatalyst is that the redox potential for the evolution of
hydrogen and oxygen from water and for the formation of reactive oxygenated species
(hydrogen peroxide, hydroxyl, and superoxide radicals) should lie within the band gap of the
semiconductor.1
Titanium dioxide (TiO2) has been considered as the most promising photocatalyst in
environmental cleanup, mainly stimulated by the discovery of its water splitting activity under
ultraviolet (UV) light in the early 1970s.2-4 However, its limited UV-driven activity largely
inhibits its overall efficiency under natural sunlight, which consists of 5% UV (300-400 nm),
43% visible (400-700 nm), and 52% infrared (700-2500 nm).5 Besides TiO2, cubic perovskite
structure SrTiO3 as one of the promising photocatalytic candidates has been attracting more
and more attentions due to its excellent photocatalytic performance.6-8 However, similar to
TiO2, SrTiO3 has also been beset by the lack of visible light utilization, since its wide band
gap (3.2 eV) is active only under UV irradiation.
One of the potential solutions for improving its efficiency is to shift its absorption from
the UV region into the visible-light region, allowing for more photons to be absorbed and
utilized in decomposing the pollutants. Much progress has been made in the area of
visible-light-active TiO2 by coupling with a narrow band gap semiconductor, metal
ion/nonmetal ion doping, codoping with two or more foreign ions, surface sensitization by
organic dyes or metal complexes, surface fluorination, and noble metal deposition, which
exert a substantial influence in modifying the electronic band structure and construction of
favorable surface structure, resulting in higher quantum efficiency and reaction rates for the
degradation of organic pollutants under UV/solar light illumination.
On the other hand, the phenomenon of afterglow or persistent luminescence has been
known to people since ancient times. Luminescence that persists after the removal of the
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excitation is called afterglow or persistent phosphorescence.9-11 Material with the afterglow
property can be used in many fields, including traffic signs, interior decoration, and light
sources. In the past 20 years, rare earth metal ion doped aluminates and silicates developed
rapidly because of their much longer and brighter afterglow properties and high chemical
stabilities.12-14
Combination of visible light responsive photocatalysts with proper long afterglow
phosphors is expected to increase the efficient utilization of light energy. Similar to long
afterglow phosphors, the composites possess the persistent fluorescence, which can be used as
the light source for photocatalytic reaction in the dark after the removal of the irradiation lamp.
This long afterglow-photocatalyst system should be of practical application, since 8 hours or
more are dark in the outdoors every day.
Recently, it has been reported that Ag3PO4 exhibits excellent photooxidative capabilities
for O2 evolution from water and organic dye decomposition under visible-light irradiation
without any further modification.15-17 It should be used as another potential persistent
fluorescence assisted photocatalyst.
In order to develop the new concept of the persistent fluorescence assisted high-efficient
photocatalyst, the photochemical properties of typical photocatalysts and long afterglow
phosphors were systematically investigated, i.e., the formation of visible light induced TiO2,
SrTiO3 and Ag3PO4 according to the band gap engineering of photocatalyst, improvement of
the charge carrier separation, and the persistent fluorescence assisted-photocatalytic activity
of the composites of long afterglow phosphors and visible light responsive photocatalyst for
the degradation of organic pollutants are investigated.
1.1 Mechanism of photocatalysis
Although the physics behind the separation of space charge carriers varies with different
pollutants and also surface-electric structure of photocatalyst, it is unambiguously accepted
that the primary reactions responsible for positive photocatalytic effect are interfacial redox
reactions of electrons and holes that are generated upon band gap excitation. So far, many
insightful review articles have reported the recent advancement achieved in the field of
TiO2-based photocatalysis.18-40
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Figure 1 illustrates the major process occurring on a semiconductor under the irradiation.
When a semiconductor (SC) is under the illumination of the light of the energy equal to
and/or higher than its band gap energy, electrons in the valance band will be excited to the
conduction band and simultaneously holes will be generated in the valance band. These
so-called photo-induced electrons and holes show high redox activities. Unfortunately,
during their moving to the surface of the semiconductor, recombination of them occurs easily
as shown in Fig. 1.1. Only those successfully separated electrons and holes will be able to
take part in various reactions on the surface of the semiconductor, in other words, the
semiconductor will show photocatalytic activity.























The process described above could be briefly expressed by the steps as follows
Light Absorption SC + hυ → SC(eCB- + hVB+) Step (1)
Recombination eCB- + hVB+ → heat Step (2)
Reduction reaction A + eCB- → A Step (3)
Oxidation reaction B + hVB+ → B+ Step (4)
The detailed mechanism of the photocatalytic oxidation of organic compounds in water
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has been discussed widely in the literature.18-37 The mechanism of the photocatalytic oxidation
of organic compounds under UV light can be presented as follows.21, 38
SC + hυ → SC (eCB− + hVB+) (1)
SC (hVB+) + H2O → SC + H+ +OH• (2)
SC (hVB+) + OH− → SC + OH• (3)
SC (eCB−) + O2 → SC + O2•− (4)
O2•− + H+ → HO2• (5)
HO2• + HO2• → H2O2 + O2 (6)
SC (eCB−) + H2O2 → OH• + OH− (7)
H2O2 + O2•− → OH• + OH− + O2 (8)
H2O2 + hυ → 2OH• (9)
Organic compound + OH• → degradation products (10)
Organic compound + SC (hVB+) → oxidation products (11)
Organic compound + SC (eCB−) → reduction products (12)
From the above reactions, it can be found that various active radicals including O2•−,
OH•, HO2•, and H2O2 are formed in this process, and among which the hydroxyl radicals
(OH•) are supposed to be the primary oxidizing species in the photocatalytic oxidation
processes (Eq. (10)).39 A direct oxidation of carboxylic acids to generate CO2 involving the
holes (Eq. (11)) was also confirmed, and called as “photo-Kolbe reaction”.40 The role of the
reductive pathways (Eq. (12)) is of a minor significance than oxidation.21
1.2 Application of photocatalyst for environmental purification
Since the discovery of water splitting phenomenon on TiO2 electrodes under UV light
irradiation by photocatalysis reaction, various researches have been devoted to H2 production
via this novel and smart process aiming to find an alternative fuel source to solve the energy
problem. Over 130 semiconductors are known to catalyze the photochemical water-splitting
reaction.41 However, the practical utilization of water splitting to produce H2 fuel is still a
huge challenge, due to its low efficiency. On the other hand, since the first report of
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employing photocatalyst for decomposing cyanide,42 the applications in environmental
purification have been rapidly developed, and we may find various products and technologies
around us to purify the environment by using photocatalysts.
The application of photocatalysis has been remarkably developed for a decade (Table
1.1).43 It was supported by great challenges to use sunlight energy as a source of energy in
photoreaction to solve the environmental problem and energy crisis in the future. In the
research investigation, photocatalytic processes have been widely used in various applications
such as disinfection of drinking water,44,45 antibacterial for textiles applications,46 anti microbe
for plastic container,47 persistent toxic compounds treatment,48 organic degradation,49 and
even hydrogen production.50,51
Table 1.1 Photocatalyst Application43.




Deodorization Air cleaners, air conditioning
VOC elimination Road asphalt, crosswalk brick








Nutrient solution cleaning system
for hydroponic agriculture





Killing viruses Operating rooms, interiors of











Oil contamination elimination Exteriors of buildings, homes, etc.
(tile and paint)
Prevention of fogging Tent film, windows glass
Self-cleaning Side mirrors for automobiles
Sound barriers, tunnel lighting
cover glass
1.3 Approaches to high-efficient solar energy conversion
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Figure 1.2. The wavelength distribution of solar light
As shown in Fig. 1.2, the total solar energy consists of three parts, UV light (~5%),
visible light (~45%), and IR light (~50%). It means that the photocatalyst would not be
irradiated by only quite high energy of UV light when operated under solar light as an
environmental purification material.
To utilize solar energy efficiently, researches to develop high-performance photocatalysts
have never stopped, which can be clearly reflected from the increasing numbers of research
papers and patents relating with photocatalysis. They are mainly categorized by the following
points.
(1) Development of visible-light-responsive photocatalyst
(2) Utilization of NIR lights for photocatalytic reaction by coupling with upconversion
materials
(3) Development of persistent photocatalytic activity of long lasting fluorescence
assisted photocatalyst
The detailed approaches are introduced in the next three sections.
1.3.1 Development of visible-light-responsive photocatalyst
1.3.1.1 TiO2, SrTiO3, and Ag3PO4
From the development of the first photocatalyst, titanium dioxide (TiO2), more than 130
kinds of inorganic materials have been found to show photocatalytic activity in splitting water
under UV or visible light irradiation. The long list includes not only normal metal oxides and
sulfides, such as ZnO,52-54 Nb2O5,55, 56 WO3,57, 58 CdS,59-61 and ZnS,61-63 but also perovskites
- 7 -
and pyrochlorites, such as SrTiO3,64-66 ZnSnO3,67 La2Sn2O7,68 and KTa1-xNbxO3.69-71 In
addition, Ag3PO4 was first reported as photocatalyst with excellent performance on dye
solution decomposition in 2010.72
For practical application, high-performance photocatalyst should have the characteristics
of high activity and efficiency, good physical and chemical stability, and high reusability.
Moreover, considering the wide applications and large scale fabrication, it is also important
that the photocatalyst should be inexpensive. Therefore, due to the low cost, non-toxicity, high
oxidizing power, chemical stability, TiO2 and SrTiO3 are still the most promising
photocatalyst, and has always been the subject of work for application in environmental
purification. Besides TiO2 and SrTiO3, Ag3PO4, the new photocatalyst, must attract more and
more attention from now due to its standout performance on the photocatalytic degradation of
dye solutions.
However, the large band gap of TiO2 (~3.2 eV for anatase and brookite, ~ 3.0 eV for
rutile) and SrTiO3 ( Eg=3.2 eV) requires an excitation wavelength that falls in the UV region.
Given that less than ~5% of the solar flux incident at the earth's surface lies in this spectral
regime, utilization of natural solar light for the photocatalytic photoelectrochemical process
can thus be enhanced by tuning the band gap response of titania and SrTiO3 to the visible
region. For this purpose, TiO2 and SrTiO3 are modified by various strategies.
1.3.2 Modification for high-performance to visible light region
The most popular approach for tailoring the absorption edges of photocatalysts is doping the
host material with foreign species.73
Nonmetal doping
Nitrogen-doped TiO2 represents a successful example of band-edge control for the
utilization of visible light, although its mechanism is still under debate. Asahi et al. have used
first principles calculations to study the effect of doping with various anions, and it was
concluded that nitrogen is the most promising dopant for TiO2 as shown in Fig. 1.3.74
Other anion dopants in TiO2 or SrTiO3 such as carbon,75,76 boron,77,78 sulfur,78,79
phosphorus,79 and halogen atoms80 have been theoretically studied mainly to investigate their
- 8 -
effects on the band structure.
Figure 1.3. (A) Total DOSs of doped TiO2 and (B) the projected DOSs into the doped
anion sites, calculated by FLAPW. The dopants F, N, C, S, and P were located at a
substitutional site for an O atom in the anatase TiO2 crystal (the eight TiO2 units per cell).
The results for N doping at an interstitial site (Ni-doped) and that at both substitutional
and interstitial sites (Ni+s-doped) are also shown. The energy is measured from the top of
the valence bands of TiO2, and the DOSs for doped TiO2 are shifted so that the peaks of
the O 2s states (at the farthest site from the dopant) are aligned with each other. Arb. unit,
arbitrary units.74
Metal doping
Metal doping has also been revisited with a view to enhance the visible light absorption. A
variety of metals on TiO2 and SrTiO3 have been explored, including: Fe,81-83 Cr,84,85 V,86-88
Ni,89-91 Nb,92-94 Na95, Mn96, Cu97, Al98 and Co99. Taking Cr3+ doped SrTiO3 as an example, the
Ye group100 has shown that cation doping of SrTiO3 results in both visible light absorptivity
and photoactivity toward CH3OH decomposition. Figure 1.4 schematically illustrates the
electric structures of Cr-doped SrTiO3 before and after photoreduction. The photoinduced
electrons in the conduction band were undoubtedly able to reduce water to form H2 in the
presence of sacrificial reagent CH3OH. The occupied Cr3+ level is located at a definite
position (~1.0 eV) above O 2p, rendering the (Sr0.95Cr0.05)TiO3 to evolve H2 under visible light
irradiation.
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Figure 1.4. Schematic band structures of (a) SrTiO3, (b) (Sr0.95Cr0.05)TiO3, and (c)
Sr(Ti0.95Cr0.05)O3 before and after photoreduction. The hexavalent Cr6+ was reduced to Cr3+
upon UV light irradiation100.
Co-doping
Recently, the effect of co-doping has also been extensively studied. Valentin et al. have
shown that co-doping with nitrogen and fluorine is advantageous for the reduction of defect
formation and lowers the energy cost for the incorporation of nitrogen owing to the charge
compensation effect between the donor (F) and acceptor (N).101 Mi et al. claim that hydrogen
doped unintentionally during the synthesis of N-doped TiO2 removes the N 2p impurity level
from the band gap by the formation of N-H bonds.102 Chromium-doped TiO2 successfully
shifts the photoabsorption edge when co-doped with antimony.103 The bonding effects of pairs
of dopants, such as W-N, Ta-N, and Fe-N have also been investigated using density functional
theory calculations.104-106 Many other works have explored the effects of co-doping in various
promising photocatalysts, such as SrTiO3,107-109 NaTaO3,110 BiVO4,111 InMO4 (M=V, Nb,
Ta),112 and NiO113.
Oxygen deficiency generation
Besides metal or anion doping, oxygen deficiency generation is also an effective
modification to narrow the band gap of photocatalyst such as TiO2 and SrTiO3.114-116 It is
reported that lanthanum doping,114 plasma treatment,116 and self-doping in titania lattice117
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enhanced photocatalytic properties in the visible range by controlling the oxygen vacancy.
Therefore, generating oxygen vacancy and/or defect through the impurities or
nonstoichiometric synthesis is one great possibility to induce the photocatalytic activity in
visible light. The oxygen vacancy states take part in the photoexcitation process, in which the
electron may be excited to the oxygen vacancy states from the valence band even with the
energy of visible light as shown in Figure 1.5.
Figure 1.5. A proposed band structure model for the anatase TiO2 with oxygen
vacancies.114
Surface modification
Numerous groups have shown that the optical properties of TiO2 and SrTiO3 can be
altered by surface modifiers. In most cases, modification of TiO2 and SrTiO3 simply results to
the inclusion of the optical transitions of the surface modifier. However, in other cases the
electric states of SrTiO3 surface might be decorated with: UV/vis-active oxides, such as
WO3,118-121 SnO2,122 and Fe2O3,123 metal clusters, such as Ag,124-126 Au,127-129 or Pt,130-132
possessing visible light active plasmonic transitions, or certain molecules, such as sensitizing
dyes,133-135 stearic acid136 or chlorophenols137-139 in which charge transfer states are generated
from adsorption.
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1.3.3 Utilization of NIR lights for photocatalytic reaction by coupling with
upconversion materials
Near infrared (NIR) photocatalysts involving upconversion materials and TiO2 has been
reported recently. The upconversion particles absorb NIR light and emit a very weak UV light
which excites TiO2 for photocatalysis. NIR to UV conversion is obviously a difficult process,
and it would be much easier to convert NIR to visible-light.140-144 To take advantage of the
much stronger visible-light emission, TiO2 was replaced with a narrower bandgap CdS as
shown in Fig. 1.6.145 Many other works have explored the effects of upconversion agent in
various photocatalysts such as Bi2WO6,146,147 Bi2MoO6,148 ZnO/TiO2 composite,149,150 and
ZnO151.
One must realize that upconversion agent is usually in the low quantum efficiency. The
photocatalytic activity cannot be improved when the intensity of light is low, even if visible
light absorption is enhanced. Both the correlation between upconversion and visible light
responsive ability and high quantum efficiency should be intensely studied in order to obtain a
high-performance photocatalyst.
Figure 1.6. Schematic illustration of energy transfer mechanism from NaYF4:Yb,Tm to CdS
upon 976 nm NIR irradiation.145
1.3.4 Development of persistent photocatalytic activity of long lasting
fluorescence assisted photocatalyst
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The explored way has been the activation of photocatalyst through the phosphorescence
of an appropriate substrate: the aim of this coupling is one of the theoretical solutions to the
problem of increasing the efficient utilization of the solar radiation. The whole system seems
to have two main advantages: the system absorbs a higher percentage of the incident radiation,
and the phosphorescent substrate can keep the photocatalytic activity even in condition of
darkness due to its light emission.
The combinations of TiO2 photocatalyst with other long afterglow materials such as
CaAl2O4:(Eu,Nd),152,153 BaAl2O4:(Eu,Dy)154 and Sr4Al14O25:(Nd,Eu)155 were also reported.
However, the emission wavelengths of these phosphors around 440 nm, 495 nm and 488 nm,
respectively, are also too long to excite TiO2 (Eg=3.2 eV) photocatalyst as shown in Figure 1.7
for example. Actually, it was reported that CaAl2O4:(Eu,Nd)/TiO2, BaAl2O4:(Eu,Dy)/TiO2 and
Sr4Al14O25:(Nd,Eu)/TiO2 coupled compounds showed photocatalytic performance for the
oxidation of gaseous benzene and RhB solution, respectively, under UV light irradiation, but
no noticeable degradation was observed after turning off the light153.
Figure 1.7. Overlap of emission spectrum of the light-storing phosphor and the absorption
spectrum of TiO2 photocatalyst: (a) absorption spectrum of TiO2, (b) excitation spectrum of
the light-storing phosphor, (c) emission spectrum of the light-storing phosphor. The sample is
excited at 365 nm and the corresponding emission peak is observed at 488 nm.155
1.4 About this thesis
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In the section 1.3, a series of approaches to enhance the photocatalytic activity of TiO2
was introduced. However, due to the large band gap energy of TiO2, its low responsiveness to
visible light is the greatest barrier for utilizing it as a practical environmental purification
material. Various modification methods based on TiO2 provided important techniques and
clues to synthesize high-performance photocatalysts. However, it is far from sufficient to
develop a high-performance visible-light photocatalyst, since the achievements of most
researchers were based on the comparison of photocatalytic activity with that of TiO2 (P25),
which shows almost no activity under visible light illumination.
1.4.1 Aim of this thesis
Therefore, in this thesis, a systematic study was carried out on the phosphor modification
of TiO2-xNy, SrTiO3, Ag3PO4, which are a well-know visible light responsive photocatalyst.
The further enhancement in photocatalytic activity of TiO2-xNy, SrTiO3, and Ag3PO4 based
photocatalysts under both visible-UV light illumination and in the dark is the aim of this study.
The results and concept of this study are expected to provide a direct or near-direct approach
to obtain a high-performance visible-light photocatalyst for environmental purification.
1.4.2 Concept of this thesis
Since the increase of personal time (over 80%) in indoor environment, indoor air and/or
water quality has become a critical community concern. Many attempts have been suggested
to improve indoor air and/or water quality. Among them, photodegradation has been proposed
as a promising approach, since it not only completely oxidizes degradation target materials,
but also occurs at room temperature and ambient pressure. In addition, long-lasting
phosphorescence (LLP), is an interesting phenomenon, in which the luminescence of LLP
materials persists after the removal of the excitation source. Since the LLP materials can be
widely used in areas such as safety indication, emergency lighting, road signs, billboards,
graphic arts, and interior decoration, many studies should be carried out on the synthesis of
LLP assisted photocatalysts for photocatalytic decomposition in night or without lamp
irradiation.
The concept of this research is to synthesize high-performance visible-light
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photocatalysts based on persistent fluorescence supported TiO2-xNy, SrCrxTi1-xO3, or Ag3PO4
by an efficient control.
In this research, the morphology of primary particles of TiO2-xNy, SrCrxTi1-xO3 and
Ag3PO4 (particle size, specific surface area) and the agglomeration state of secondary
particles (coupling) were controlled step by step, to enhance the utilization efficiency of solar
light on the photocatalysis of TiO2-xNy, SrCrxTi1-xO3 and Ag3PO4 for environmental
purification.
1.4.3 Synthesis methods used in this thesis
For a facile and effective control of particle size and crystalline phases, solvothermal
reaction, which favors the formation of nanoparticles, was used in this research. Comparing
with sol-gel or solid state reactions, the elimination of subsequent calcinations greatly
simplified the synthesis method.
Furthermore, instead of conventional solvothermal method, high-heating efficiency
“microwave-assisted solvothermal synthesis” was also employed to shorten the reaction time
and reduce the energy consumption. Only for Ag3PO4, a simple ion-exchange method was
used to prepare a sample. In addition, a mechanical rolling system was used to synthesize
coupled samples for a high homogeneousness. The detailed synthesis systems were
introduced in the following chapter.
1.4.4 Evaluation methods of photocatalytic activity used in this research
1.4.4.1 Photocatalytic degradation of NOx (deNOx)
To evaluate the photocatalytic activities of the obtained samples, the oxidative decomposition
of nitrogen monoxide was carried out. Nitrogen monoxide is a chemical compound with a
chemical formula of NO. Despite its simple structure, it is known as an important signaling
molecule in the body of mammals, and an extremely important intermediate in the chemical
industry. In natural, NO gas occurs mainly by the reaction of O2 and N2 through lightning and
thunder. However, since the Industrial Revolution, the use of internal combustion engines,
like automobile engines and fossil fuel power plants, has drastically increased the presence of
nitric oxide in the environment.
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Nitric oxide in the air is a precursor of smog and acid rain. Furthermore, both NO and
NO2 participate in ozone layer depletion. As one of the most typical air pollutants in modern
cities, the decomposition of NO has become a big issue. Therefore, the photodecomposition
of NO was used as a model reaction to evaluate the photocatalytic activities of the samples.
Experimental apparatus
The experimental apparatus used is shown in Fig. 1.8. During the experiment, a 2 ppm
standard NO gas (balance N2) was mixed with air (1:1), and passing through the reactor (373
cm3 of internal volume) continuously throughout the reaction. The flow rate of the reaction
was 200cm3/min, and the gas retention time in the reactor might be calculated as 112sec. The
photocatalyst was placed in the hollow (20 mm x 16 mm x 0.5 mm) of a glass holder plate
and set in the bottom center of the reactor. The light was turned on after having reached the
adsorption equilibrium with flowing NO gas for more than 10 min. A 450 W high mercury
lamp was used as the light source, and different wavelengths were selected by several filters:
Pyrex glass for > 290 nm, Kenko L41 Super Pro (W) filter > 400 nm and Fuji triacetyl
cellulose filter (SC-50) > 510 nm. The concentration of NO was monitored using a NOx
analyzer (Yanaco, ECL-88A).
Figure 1.9 shows the wavelength distributions of the light irradiated from the
high-pressure mercury lamp before and after passing through the selecting filters. The light
intensity of λ>290nm, λ>400nm and λ>510nm on the surface of the photocatalyst were
identified as 352, 337 and 243 μmol/m2·s, respectively.
Since this is an online experiment, the change in NOx concentration at the outlet of the
reactor was monitored throughout the reaction. A typical photocatalytic deNOx
characterization under UV and Vis light irradiation is shown in Fig. 1.10. Before illuminating
the light on the sample, the concentration of NOx was 0.97 ppm, and by the irradiation of the
light with the wavelength longer than 510 nm, the NOx concentration decreased to 0.97 ppm
and further decreased to 0.92 ppm when changing the wavelength to longer than 400 nm.
Finally, the concentration of NOx decreased from 0.97 to 0.53 ppm under the irradiation of
UV light (λ > 290 nm). Therefore, the deNOx ability (DA) under the irradiation of the light
with different wavelengths could be calculated by the initial and final concentration of NO, as
shown in Figure 1.10.
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Besides the mercury lamp, the LED lamps with different illumination colors were also
employed as the light source for evaluating photocatalytic activity. In addition, the light
emitted from a solar simulator was also used as irradiation source and was described in more




















NO → HNO2 and/or HNO3
hν
Figure 1.8. Experimental apparatus used for photocatalytic oxidation of NO
A: Sealed opaque reactor (Plastic, 373 cm3)
B: Glass holder
C: Catalyst (20×16×0.5 mm)
D: Colorless and transparent plastic cover
E: 510 nm cut off filter (Fuji, triacetyl cellulose)
F: 400 nm cut off filter (Kenko, L41 Super Pro(W))
G: 450 W high-pressure mercury lamp
H: Pyrex jacket (cut off the light λ<290 nm)
I: Cooling water (35oC)
J: Electric fun
K: 2 ppm standard NO gas (Flow rate: 100
ml/min)
L: Dried air (Flow rate: 100 ml/min)
M: Gas mixer
N: O, P: Three-way cock
Q: NOx analyzer (Yanaco, ECL-88A)
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Figure 1.10. A typical photocatalytic deNOx characterization under






Figure 1.9. Wavelength distributions of the light irradiated from a
high-pressure mercury lamp. (a) Without any filter; (b) Pyrex glass for
cutting off the light of wavelength < 290 nm; (c) Kenko L41 Super Pro
(W) filter < 400 nm; (d) Fuji triacetyl cellulose filter < 510 nm.
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Figure 1.11. Wavelength distribution of the light irradiated from a solar simulator. (JIS:
Japanese industrial standard class A solar spectrum)
From: http://www.ff-net.co.jp/fiber/hal302.html
A solar simulator (HAL-302, Asahi Spectra Co. Ltd, Japan) with a compact xenon lamp
was used as an irradiation source, where the intensity of irradiation light was adjusted as 69.7
W/m2. The wavelength distribution of the light irradiated from the solar simulator is shown in
Fig. 1.11.
Comparing with the mercury lamp, LED lamp is characterized for its low energy
consumption and long life time. The light intensity of a 2.0 W LED lamp equals that of a
20-30 W normal bulb lamp, and a LED lamp can be used for more than 100,000 hours.
Furthermore, the LED lamps used in this study showed narrow light wavelength distributions,
which mean almost monochromatic lights possessing peak positions from near UV light to
visible light as shown in Fig. 1.12. Table 1.2 shows the wavelengths and corresponding band
gap energies of the four LED lamps. It is expected that the responsiveness to the light with
different wavelengths can be studied. By using LED lamps as the light source, the evaluation
system can be simplified, since it needed no filters and cooling jacket of the lamp, and is more
economical. Therefore, the LED lights are suitable for the study on visible light
photocatalysts.
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Figure 1.12. Wavelength distribution of LED lamps with different wavelengths
Table 1.2. Parameters of various LED lamps
LED lamp UV Blue Green Red
Wavelength / nm 390 445 530 627
Corresponding Eg / eV 3.18 2.79 2.34 1.98















 UV: 390 nm
 B: 445 nm
 G: 530 nm
 R: 627 nm
Figure 1.13. The relationship between LED light intensity and irradiation distance.
Figure 1.13 shows the intensity for each LED light at the different distances from the
detector. Though all the LED lights tested exhibit the decrease in intensity with distance, the
degree of intensity loss was not the same for all LED lights. Both the linear and logarithmic
correlations of the light intensity and distance are represented. The light intensity decreases
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with distance exponentially for UV LED light, but nearly linearly for all other LED lights.
Reaction Mechanism
The photocatalytic destruction of NO/NOx gas has been discussed by several researchers, and
a proposed reaction scheme by M. Anpo156 is shown in Fig. 1.14. He suggested that about 20











Fig. 1.14 Scheme of the reaction procedures of NO under the photodestruction.156
Later, J.S. Dalton et al.157 employed several surface specific techniques, including X-ray
photoelectron spectroscopy and Raman spectroscopy, to study the NOx adsorbate reaction at
the TiO2 substrate surface, and proposed a detailed reaction scheme as follows:
1) Photocatalysis
¸ TiO2 + hυ → TiO2*(h+vb + e-cb) (1.1.1)
¸ OH-(ads) + h+vb → OH･(ads) (1.1.2)
¸ O2(ads) + e-cb → O2-(ads) (1.1.3)
2a) Oxidation using hydroxyl radicals: OH･
¸ NO(g) + 2OH･(ads) → NO2(ads) + H2O(ads) (1.1.4)
¸ or NO2(ads,g) + OH･(ads) → NO3-(ads) + H+(ads) (1.1.5)
2b) Oxidation using superoxide radical: O2-
¸ NOx(ads) + O2- → NO3-(ads) (1.1.6)
2c) Reaction with Ti-OH via disproportion
¸ 3NO2 + 2OH- → 2NO3- + NO + H2O (1.1.7)
TiO2 represents a typical photocatalyst. Firstly, under the irradiation of the light with
- 21 -
enough energy, photo-induced electrons and holes will be generated. And then holes and
electrons will react with hydroxyl groups and oxygen molecules adsorbed on the surface of
the photocatalysts to form hydroxyl radical OH･and superoxide radical O2-, respectively. Then,
the generated active radicals will react with the NOx molecules and oxidize them into NO3-.157
1.4.4.2 Photocatalytic degradation of CH3CHO
The poor air quality in indoor environments such as buildings, houses, cars, and aircraft
cabins can promote transmissible respiratory illnesses, allergies, and sick building syndrome.
Common indoor air pollutants include respirable particles, microorganisms, allergens, and
volatile organic compounds (VOCs). An alternative solution to VOC removal is
semiconductor photocatalysis involving TiO2. It has been shown being capable of removing
low concentrations of organic pollutants from air, ultimately converting them to
comparatively harmless products such as H2O and CO2. Acetaldehyde is widely used as a
target pollutant, because it is one of the principal odor-causing gases in indoor.
The photocatalytic activity for acetaldehyde degradations was evaluated by measuring
the changes in the concentrations of acetaldehyde and the decomposition product, CO2 (as
shown in Figure 1.15). In order to obtain a homogeneous sample film for photocatalytic
characterization, 0.3 g of sample powder was sufficiently mixed with 0.48 g xylene and 0.48 g
2-butanol, then dispersed on a glass substrate with an area of 19.6 cm2. The glass substrate
was fit for holding photocatalysts because of its chemical corrosion resistance, heat-resistance
and easy-cleaning. The sample film was then heated at 140 °C for 30 min to evaporate the
organic solvents. After irradiation by a 10 W black light for 1 h to eliminate the adsorbed
organics on the surface, the sample film was placed in a sealed opaque reaction vessel (ca. 1.5
L), together with a desired amount of 10 mass% acetaldehyde (99%, Kanto Chem.) aqueous
solution. The acetaldehyde was rapidly evaporated using an electric heater and fan, which
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were set in the inside of the reaction vessel. The characterization system used in the present
research of CH3CHO removal was similar to that of the Japanese Industrial Standard, which
was established at the beginning of 2003.158
Figure 1.15. Schematic illustration of setup for the photocatalytic experiment.
Figure 1.16. Experimental apparatus used for photocatalytic oxidation of CH3CHO in dark
A: Sealed opaque reactor (Glass, 1500 cm3) D: Black lamp (10 W)/Solar simulator (69.7 W/m2)
B: Catalyst (25 mm×25 mm×π) E: Liquid CH3CHO syringe (10μl, 10 wt.%)






















without irradiation or under irradiation.
Experimental
Part I (Fig. 1.16): The persistent fluorescence assisted photocatalytic activity of the
sample on degradation of acetaldehyde was evaluated as follows: After irradiating by a black
light with the wavelength of 325 nm for 30 min, the sample was placed in the reaction vessel
without irradiation, where the reaction was started by injecting and quickly evaporating 10 μL
of acetaldehyde aqueous solution. About 5.0 mL of the gas was withdrawn from the reaction
vessel through the injection hole every 30 min to determine the concentrations of the
remaining acetaldehyde and generated CO2 using a gas chromatograph (GC-2014
SHIMADZU). The identification of the test substance was carried out by confirming that the
same retention time as for the standard substance is obtained, according to absolute
calibration curve method.
Part II (Fig. 1.16): As a preliminary experiment, the photocatalytic activity of the sample
under photo-irradiation was also evaluated as follows: After keeping the sample in the dark
for at least 40 min to realize the adsorption-desorption equilibrium, 40μL of an acetaldehyde
aqueous solution was injected and a simulated solar light was irradiated to start the
photocatalytic reaction. The average light intensity irradiated on the sample surface was about
69.7 W/m2.
It is worth mentioning that, in the photocatalytic degradation of CH3CHO experiment,
the evaluation was repeated at least twice. The sample film was irradiated by a 10 W black




The photocatalytic oxidation of gaseous acetaldehyde by TiO2 has been proposed to
involve a carbonyl-radical-mediated chain reaction, which is mediated by hydroxyl radicals,
superoxide radicals, and/or hydrogen peroxide.159 These active species produced from the
trapping of photogenerated electrons by oxygen or the trapping of photogenerated holes by
H2O and hydrated surface of TiO2. The total degradation of acetaldehyde by a TiO2
photocatalyst can be summarized as the following two possible pathways159:
++ +→++ HCOOHCHhOHCHOCH 22 323 (1.2.1)
++ +→++ HCOhOHCHOCH 102103 223 (1.2.2)
Under a specific UV illumination, if the number of acetaldehyde molecules adsorbed on
TiO2 surface is much larger than the number of photogenerated holes on TiO2 surface, most of
the adsorbed acetaldehyde molecules will be oxidized to acetic acid (eq 1.2.1). However,
when the number of the holes photogenerated on TiO2 surface is much larger than the number
of the adsorbed acetaldehyde molecules, the proportion of mineralization of acetaldehyde to
CO2 (eq 1.2.2) might increase.
1.4.4.3 Photocatalytic degradation of RhB dye
The decolorization and mineralization of dyes from textile wastewater is a pertinent issue, and
currently there is no simple and economical treatment that can effectively remove dyes160. In
addition, data show that 10% to 15% manufactured dyes are lost in wastewater161. Although
some methods cause rapid decolorization, the breakdown products may be more hazardous
than the original dyes34.
Photocatalytic technology attracts much attention due to the application on completely
removing environmental pollutants in wastewater and effluents. Unlike the conventional
biodegradable and activated carbon adsorption method, photocatalysis offers a powerful
oxidation in the treatment of bioresistant organic contaminants such as dye wastewater by
converting them into CO2162. Among various photocatalysts, it has been reported that Ag3PO4
should be a superior photocatalyst for wastewater cleaning, as it could completely degrade
RhB dye under visible-light irradiation72.
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To expand the application of Ag3PO4 on dye decomposition day and night, the synthesis
of persistent fluorescence assisted Ag3PO4 composites has been developed. RhB was chosen
as to simulate a general dye pollutant to evaluate its photocatalytic activity in the aqueous
























Figure 1.17. Experimental apparatus used for the photocatalytic oxidation of RhB dyes in the
dark without lamp irradiation.
In all experiments, the samples (0.1 g) were put into a solution of RhB dyes (20 ml, 10 mg/L).
The efficiency of the RhB dyes decomposition process by the samples was evaluated by two
experiments. One is to keep the sample under black lamp (8 W) irradiation for 30 min, after
that, put the sample into RhB aqueous solution in the dark in the absence of lamp source
(shown in Figure 1.17A). The RhB concentration was measured by UV/Vis spectroscopy
every 30 min. Another one is to make the sample be irradiated with a black light for 30 min,
then the sample was put into RhB solution without any outer light (shown in Figure 1.17B).
After 30 min, the degradation of RhB dyes was monitored by UV/Vis spectroscopy. Then, the
sample was removed from the RhB solution and irradiated again for 30 min, followed by
returning to the reaction system for another 30 min. This procedure was repeated and the RhB
- 26 -
concentration was tested by UV/Vis spectroscopy every time. Before the spectroscopy
measurement, all the samples were removed from the photocatalytic reaction systems by
centrifugation.
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Chapter 2. Synthesis and characteristics of
TiO2-xNy-based composite photocatalyst
Hot photocatalytic research attention has been focused on titania (TiO2), because of its
chemical stability,1 excellent photocatalytic activity2 and low cost. However, since titania has
the large band gap energy of about 3 eV, it is active under irradiation of only UV light less
than 400 nm of wavelength. Since the content of UV light in sun light is less than 5%,3 the
development of high performance visible light responsive photocatalyst, which can use main
part of sunlight or indoor light is highly desired.4-7 Various modifications have been devoted
to TiO2 in extending the absorption edge into visible light and enhancing the photocatalytic
activity.8-13 One of them is doping TiO2 with nitrogen to narrow the band gap of titania by
doping with nitrogen ion, since the valence band of N2p band locates above O2p band.14
The aluminate long afterglow phosphor has characteristics of emitting eye-visible
luminescence that persists after the removal of excitation for over 10 hr, good chemical
stability and low toxicity.15,16 Materials with the long afterglow property can be used in many
fields, including traffic signs, interior decoration, and light sources. Therefore, the coupling of
TiO2 with long afterglow phosphors was expected to prolong the photocatalytic activity even
after turning off the light. However, TiO2 possessing a large bandgap energy ca. 3 eV cannot
be effectively excited by the eye-visible light luminescence from long afterglow phosphors.
Recently, the combinations of TiO2 photocatalyst with other long afterglow materials such as
BaAl2O4:(Eu,Dy)17 and Sr4Al14O25:(Nd,Eu)18 were also reported. However, the emission
wavelengths of these phosphors around 495 nm19 and 488 nm, respectively, are also too long
to excite TiO2 photocatalyst. Actually, it was reported that BaAl2O4:(Eu,Dy)/TiO2 and
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Sr4Al14O25:(Nd,Eu)/TiO2 coupled compounds showed photocatalytic performance for the
oxidation of gaseous benzene and RhB solution, respectively, under UV light irradiation, but
no noticeable degradation was observed after turning off the light.17
In this research, we firstly provided a direct evidence for such persistent photocatalytic
reaction system, by coupling of long afterglow phosphors with visible light driven
nitrogen-doped titania (TiO2-xNy), which was produced by a hydrothermal reaction.20,21 In
addition, the effects of the phase structure, the mass ratio of those two materials, and some
other factors have been systematically studied in this chapter.
2.1 Influence of the phase structure of TiO2-xNy on the property of
TiO2-xNy-based composite photocatalyst
2.1.1. Introduction
TiO2 photocatalysis has attracted increasing attention due to its biological and chemical
inertness, strong photo oxidation power, cost-effectiveness, and long-term stability against
photo and chemical corrosion.22-26 However, a vital problem, that is, low utilization efficiency
of sunlight due to its large bandgap energy of ca. 3 eV, which covers less than 5% of the solar
spectrum, hampers its widespread practical applications.27 Therefore, various modifications
have been devoted to TiO2 to extend the absorption edge into the visible light in order to
enhance the visible light responsive photocatalytic activity.8-13 One of them is doping TiO2
with nitrogen to narrow the band gap of titania by doping with nitrogen ion, since the valence
band of N2p band locates above O2p band.14
A novel approach to improve the photocatalytic efficiency of TiO2, which attempts to
prepare supported TiO2 catalysts using long afterglow phosphor as a support material, has
been made; in this case, the aim was to associate a fluorescence-emitting support to TiO2 to
continue the photocatalytic reaction after turning off the light. The aluminate long afterglow
phosphor (CaAl2O4:(Eu,Nd)) has characteristics of high luminescent brightness around 440
nm of wavelength, long afterglow time, good chemical stability and low toxicity.15,16 These
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advantages have brought CaAl2O4:(Eu,Nd) phosphor into the most popular commercial
products. The luminescent brightness around 440 nm may exite the visible light responsive
nitrogen-doped titania (TiO2-xNy), although it is invalid to undoped TiO2. Therefore, TiO2-xNy
photocatalyst was expected to possess a novel photocatalytic property after coupling with
CaAl2O4:(Eu,Nd).20,21
Recently, a direct evidence for such persistent photocatalytic reaction has been reported
for deNOx system, by the coupling of the long afterglow phosphor CaAl2O4:(Eu,Nd) with
TiO2-xNy, which was produced by a hydrothermal reaction.28 However, the effect of the TiO2
phase structure on the photocatalytic properties of CaAl2O4:(Eu,Nd)/TiO2-xNy composites has
not been systematically studied yet.
In this work, TiO2-xNy samples with three different phase structures, such as anatase,
rutile and brookite were coupled with similar contents of CaAl2O4:(Eu,Nd) by a mild
planetary ball milling, and the photocatalytic activities of the composites for the oxidative
destruction of NO were investigated.
2.1.2. Experimental
CaAl2O4:(Eu, Nd) powders (Nemoto Co. Ltd.) with particle size of 13.9 µm (D50) and
other chemicals (Kanto Chem. Co. Inc. Japan) were used as received without further
purification. TiO2-xNy nanoparticles with brookite, anatase and rutile phases were synthesized
by the solvothermal reactions according to the previous papers,20 using TiCl3 as a titanium
source, HMT (hexamethylenetetramine) as a nitrogen source, and distilled water, methanol
and ethanol as the reaction solvents at pH 7 or 9 and 190 °C for 2 h.20 TiO2-xNy nanoparticles
with different phase were then mixed with CaAl2O4:(Eu,Nd) micro-particles followed by a
soft planetary ball milling with 200 rpm for 20 min, where the mass ratio of
CaAl2O4:(Eu,Nd)/TiO2-xNy was adjusted to 3/2. For comparison, undoped titania (Degussa
P25) was also coupled with CaAl2O4:(Eu,Nd) by the completely same manner. The UV–vis
diffuse reflectance spectra were obtained using a UV–vis spectrophotometer (Shimadazu,
UV-2450). The photoluminescence spectra and intensity were measured by a
spectrofluorophotometer (Shimadzu RF-5300P). The low-level chemiluminescence intensity
of singlet oxygen (1O2) was measured using a multiluminescence spectrometer
(MLA-GOLDS; Tohoku Electric Ind., Japan) at 20 oC in the air. After placing approximately
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1.2 g of the sample in a stainless steel sample chamber (50 mm in diameter), blue light
emitting diode (LED) light (wavelength 470 nm) was irradiated for 5 min. After that the
chemiluminescence intensity corresponded to the singlet oxygen (1O2) at a wavelength of 634
nm was measured by subtracting the luminous intensity of λ<640 nm from that of λ<620 nm
using two filters, λ<640 nm and λ<620 nm.
2.1.3. Results and discussion
2.1.3.1. Preparation of different crystalline phases of titania
Figure 2.1 shows the X-ray diffraction (XRD) profiles of the TiO2-xNy samples produced
by solvothermal reactions under various conditions. The sample prepared in methanol at pH 9
and 190 oC consisted of single phase of anatase. The sample prepared in ethanol at pH 9 and
190 oC consisted of single phase rutile, showing the broad XRD peak at 2θ = 27.42 °
corresponding to (110) of rutile phase. The sample prepared in water at pH 7 and 190 oC
showed the clear XRD peak at 2θ = 30.81 ° corresponding to (121) of the brookite phase, and
all peaks could be identified as the brookite phase. Therefore, it was confirmed that three
different phases of TiO2-xNy powders could be prepared as single phase by controlling the
solvothermal reaction conditions. As reported, P25 consisted of the mixed phase of anatase
and rutile. The average crystalline sizes, BET surface areas (BET from Brunauer, Emmett,
Teller) of TiO2 samples are listed in Table 2.1. It can be seen that these TiO2 samples possess
similar average crystallite sizes less than 10 nm, while anatase phase TiO2-xNy sample shows
the largest BET surface area of 254.4 m2/g.
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Figure 2.1 XRD patterns of the nitrogen-doped TiO2 synthesized at 190 °C for 1 hr in (a)
methanol at pH 9, (b) ethanol at pH 9, (c) distilled water at pH 7 and (d) P25.
Table 2.1 Physical properties of nitrogen-doped titania.
2.1.3.2. Morphology of the samples
Figure 2.2 shows the transmission electron microscopy (TEM) images of the anatase,
rutile and brookite phases of TiO2-xNy powders prepared by the solvothermal reactions,
together with that of P25. P25 consisted of large spherical particles of about 30-50 nm [Figure
2.2(d)], while TiO2-xNy prepared by the solvothermal method consisted of much smaller
crystals [Figure 2.2(a-c)]. The results agreed well with the BET specific surface areas
summarized in the Table 2.1, i.e., the specific surface area of as-prepared nitrogen-doped TiO2
was much larger than that of P25.
Figure 2.2 TEM images of TiO2-xNy of (a) anatase, (b) rutile, (c) brookite phase, (d) P25 TiO2,
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(e) fringe area of CaAl2O4:(Eu, Nd)/brookite TiO2-xNy composite and (f) uncoupled
CaAl2O4:(Eu,Nd).
Figure 2.2(e) and Figure 2.2(f) show the TEM images of CaAl2O4:(Eu,Nd)/TiO2-xNy
composite and uncoupled CaAl2O4:(Eu,Nd), respectively. It is obvious that CaAl2O4:(Eu,Nd)
phosphor sample consisted of micro meter size of large particle with a smooth surface (Figure
2.2(f)), while the CaAl2O4:(Eu,Nd)/TiO2-xNy composite showed nano-particles of TiO2-xNy
deposited on the surface of CaAl2O4:(Eu,Nd).
2.1.3.3. UV-vis diffuse reflectance spectra
Figure 2.3(A) shows the diffuse reflectance spectra of undoped and nitrogen-doped
titania and the emission spectra of CaAl2O4:(Eu,Nd) and CaAl2O4:(Eu, d)/TiO2-xNy
composites. CaAl2O4:(Eu, Nd) emitted blue luminescent light with a peak of 440nm in
wavelength by UV light irradiation (325nm). Although undoped titania absorbed only UV
light of the wavelength less than 400 nm, nitrogen–doped titania showed absorption of visible
light up to 700 nm, showing a nice overlap between the diffuse reflectance spectrum of
TiO2-xNy and the emission spectrum of CaAl2O4:(Eu,Nd). These results implied the potential
possibility of CaAl2O4:(Eu,Nd)/TiO2-xNy composite as the luminescent assisted photocatalyst,
which can use the long after glow from the phosphor as the light source of the photocatalyst.
As shown in Figure 2.3(B), the position of the absorption edge also allows comparisons
between the TiO2 samples with different phase reported here. The edge energy value of 2.90
eV of brookite phase TiO2-xNy indicates the possibility to be excited by the fluorescence with
the wavelength of 440 nm from CaAl2O4:(Eu,Nd). Our previous research proved that
photocatalysis on TiO2-xNy could be taken place under LED lamp irradiation of such
low-intensity LED light as 2.0 W/m2 with long wavelength of 627nm29,30 was used. This result
also strongly implied the potential application of the composite as luminescent assisted
photocatalyst material.
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Figure 2.3 (A) Overlap of the diffuse reflectance spectra and emission spectra of uncoupled
CaAl2O4:(Eu,Nd) and CaAl2O4:(Eu,Nd)/TiO2-xNy composite and (B) absorption edge energies
are determined by the intercept of a linear fit to the absorption edge. [F(R∞)hv] represents the
Kubelka-Munk function multiplied by the photon energy.
2.1.3.4. Luminescent decay profiles
Phosphorescence from CaAl2O4:(Eu,Nd) crystals is considered due to the 5d-4f transition
of the Eu2+ ions in the crystals. The long afterglow from CaAl2O4:(Eu,Nd) is proposed based
on the hole trapping by the Nd3+ ions added as an auxiliary activator. The holes generated by
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the excitation of Eu2+ are trapped by co-doped Nd3+ ions and/or native defects. Holes trapped
at Nd and/or defects are released slowly, then recombine with electrons from the Eu2+ ions.
This process is thought to be the origin of the long persistent phosphorescence from
CaAl2O4:(Eu,Nd).31,32 In order to investigate the photoelectric properties of
CaAl2O4:(Eu,Nd)/TiO2-xNy, the PL spectra were detected for the different composite samples
after exiting by UV light irradiation as shown in Figure 2.4. The PL intensity greatly
decreased by loading with TiO2-xNy and P25 on the surface of the CaAl2O4:(Eu,Nd). From the
figure, the peak wavelengths of the phosphorescence spectra did not change with the loading
of TiO2-xNy or P25. It implies that the crystal field of CaAl2O4:(Eu,Nd), which affects the 5d
electron states of Eu2+ ions, is not changed so much for the present composites. The intensity
of the emission from the CaAl2O4:(Eu,Nd) decreased by coupling with P25 and TiO2-xNy. This
may be due to the absorption of both UV light to excite the CaAl2O4:(Eu,Nd) phosphor and
luminescence light by coupled P25 and TiO2-xNy. It can also be seen that the luminescence
intensity of the CaAl2O4:(Eu,Nd)/TiO2-xNy particles is much lower than that of the
CaAl2O4:(Eu,Nd)/P25. This suggests that TiO2-xNy particles deposited on the surface could
absorb the luminescence light more effectively than P25.
Figure 2.4 Emission spectra of undoped CaAl2O4:(Eu,Nd) and CaAl2O4:(Eu,Nd)/
TiO2-based composite samples.
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Figure 2.5 Decay curves of (A) emission inensity (I) and (B) ln I of (a) uncoupled
CaAl2O4:(Eu,Nd) and CaAl2O4:(Eu,Nd)/TiO2-xNy composite consisted of 40 wt.% of (b)
anatase phase TiO2-xNy, (c) rutile phase TiO2-xNy, (d) brookite phase TiO2-xNy and (e) P25
TiO2 after mercury lamp (λ>290 nm) irradiation for 30 min.
Figure 2.5 shows the decay profiles of the various samples. The profile varied depending
on the coupled materials. The decay curves could be fitted to the triple exponential curve
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shown by Eq. (2.1),33
)/exp()/exp()/exp( 321 τγτβτα tttI −+−+−= (2.1)
where I is phosphorescence intensity, I0 is the starting phosphorescence intensity, α, β and γ
are constants, t is time, τ1 , τ2 and τ3 are emission life times. The emission life times calculated
based on Eq. 2.1 are summarized in Table 2.2. From Table 2.2, it is evident that the decay of
phosphorescence includes several decay components with different emission life times. The
emission life times of the CaAl2O4:(Eu, Nd) crystals did not change so much by coupling with
both P25 and TiO2-xNy. This indicates that the quenching of luminescence by the
heterogeneous electron transfer from CaAl2O4:(Eu, Nd) to coupled P25 and TiO2-xNy did not
proceed significantly.
Table 2.2 Simulated results for the afterglow curves of samples.
Figure 2.6 Chemiluminescence spectra of as-prepared TiO2-xNy particles with (a) anatase
phase, (b) rutile phase and (c) brookite phase after blue light irradiation with a wavelength of
470 nm.
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Figure 2.6 shows the chemiluminescence emission spectra of 1O2 generated at 20oC in
the air by blue light irradiation with a wavelength of 470 nm. TiO2-xNy with anatase phase and
rutile phase showed very weak chemiluminescence. In contrast, the brookite phase TiO2-xNy
showed much higher chemiluminescence intensity, indicating that brookite phase TiO2-xNy
generated much more 1O2. Since it is well known that 1O2 possesses strong oxidation power
and plays an important role to cause photocatalytic oxidation reactions, CaAl2O4:(Eu,Nd)/
brookite TiO2-xNy is expected to show the high photocatalytic activity.
2.1.3.5. Photocatalytic degradation of NO gas
Table 2.3 DeNOx ability of the TiO2-xNy samples under LED light irradiation (2.0 W/m2)
of 445 and 390 nm.
The photocatalytic activities of CaAl2O4:(Eu,Nd)/TiO2-xNy with three different crystalline
phases were evaluated for the oxidative destruction of NO. Table 2.3 shows the photocatalytic
degradation of NO (deNOx) ability of TiO2-xNy powders with different crystalline phases
under irradiation of blue (445 nm) and near-UV LED (390 nm) lamps. The wavelength of
blue LED light is similar to the peak wavelength of the long afterglow by CaAl2O4:(Eu,Nd).
For comparison, the standard titania photocatalyst (P25) and CaAl2O4:(Eu,Nd) phosphor were
also characterized. Nearly 55-60% of NO could be destructed under irradiation of both LED
lights in the presence of TiO2-xNy. It can be seen that although P25 showed similar
photocatalytic activity to TiO2-xNy under UV LED light irradiation, the activity greatly
decreased under irradiation of blue LED light, due to its large band gap energy of ca. 3 eV,
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where the photocatalytic activity of CaAl2O4:(Eu,Nd) was much lower under irradiation of
both lights.
Figure 2.7 DeNOx ability of the composites consisted of 40 wt.% TiO2-xNy and P25 under
(A) solar light irradiation of 69.7 W/m2, followed by (B) turning off light. The inset shows the
result in dark from 40 to 100 min.
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Figure 2.8. DeNOx ability of the composites consisted of 40 wt.% of TiO2-xNy and pure
TiO2-xNy with (A) brookite phase, (B) anatase phase, and (C) rutile phase under solar light
irradiation of 69.7 W/m2, and (D) pure CaAl2O4:(Eu,Nd) under UV light irradiation (450 W
high-pressure mercury arc, λ>290 nm), followed by turning off light for about 3 hours in the
dark.
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Figure 2.7 shows the photocatalytic NO destruction behaviors of CaAl2O4:(Eu,Nd)/
TiO2-xNy composites with anatase, rutile and brookite phase, and that of CaAl2O4:(Eu,Nd)/P25
under solar light irradiation and after turning off the light. It was obvious that all the samples
possessed excellent photocatalytic deNOx activity under solar light irradiation. Because a
continuous reaction system was utilized in the present study,31,32 after turning off the light,
usually it took about 10min to return to the initial NO concentration. The degree of NO
destruction by CaAl2O4:(Eu,Nd)/P25 immediately decreased after turning off the light, this
result was similar to that of pure TiO2-xNy shown in Figure 2.8. In contrast, as-expected,
CaAl2O4:(Eu,Nd)/TiO2-xNy, especially the composite sample using brookite phase TiO2-xNy,
retained the NO destruction ability for about 3 h. Since the decay profile of the NO
destruction degree of CaAl2O4:(Eu,Nd)/brookite TiO2-xNy was similar to the emission decay
profile shown in Figure 2.5, the emission by CaAl2O4:(Eu,Nd) seemed to be effectively used
as a light source to excite TiO2-xNy photocatalyst. In addition, the higher ability to generate
1O2 of CaAl2O4:(Eu,Nd)/brookite phase TiO2-xNy shown in Figure 2.6 might play an important
role to show higher NO destruction ability after turning off the light than
CaAl2O4:(Eu,Nd)/anatase phase TiO2-xNy and CaAl2O4:(Eu,Nd)/rutile phase TiO2-xNy.
Table 2.4 Photocatalytic deNOx abilities and apparent quantum efficiencies of the samples
under irradiation of LED light of 445 nm and fluorescence light from CaAl2O4:(Eu,Nd) at 100
min after turning off artificial solar light.
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Table 2.4 summarized the photocatalytic deNOx abilities and apparent quantum
efficiencies (QEa) of the TiO2-xNy and CaAl2O4:(Eu,Nd)/40 wt.% TiO2-xNy composites with
three different crystalline phases under irradiation of blue LED lamp (445 nm), and after
turning off the simulated solar light. QEa was calculated according to Eq. (2.2) (LED lamp,













where FNO (µmol s-1) is the flow quantity of NO molecules in the reaction gas, αλ (%) the
deNOx ability of the photocatalyst, P1 (µmol m-2 s-1) the light quantity of LED lamp with the
wavelength of 445 nm irradiated to the sample, Aλ the absorption ability to light with the
wavelength of 445 nm, P2 (µmol m-2s-1) the absorbed fluorescence light amount which
generated from CaAl2O4:(Eu,Nd), the decline amount of fluorescence intensity between
composite and pure CaAl2O4:(Eu, Nd) is regarded as the absorbed fluorescence light amount
since the fluoresce intensity did not vary with the content of CaAl2O4:(Eu,Nd) in 0.16 g of
CaAl2O4:(Eu,Nd)/γ-Al2O3 composites (Figure 2.9). S (m2) the irradiated area of the sample
(S=1.28 × 10-3 m2). It is clear that CaAl2O4:(Eu,Nd)/TiO2-xNy composite possessed much
higher QEa both under irradiation of blue LED light and after turning off the simulated solar
light than that of P25, due to the higher ability of visible light absorption. It is also notable
that the QEa after turning off the simulated solar light was much higher than that under
irradiation of blue LED light. This result indicated that the weak luminescent light from
CaAl2O4:(Eu,Nd) could be utilized more effectively than that under irradiation of an excess
amount of light.
Present results suggested that the combination of CaAl2O4:(Eu,Nd) and brookite phase
TiO2-xNy is a key point to realize the excellent persistent catalytic activity even after turning
off the light. Its higher luminescence intensity after turning off the light, higher 1O2 generation
ability as well as high efficiency in utilizing luminescence from CaAl2O4:(Eu, d) long
afterglow material would result in the higher persistent deNOx ability.
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Figure 2.9 Emission decay curves of the CaAl2O4:(Eu,Nd)/γ-Al2O3 composites with different
mass ratio after mercury lamp (λ>290 nm, 450 W).
2.1.3.6. Reaction models
Under light-excitation, the luminescence process of Eu2+ includes two parts: one is that
the electrons at the excited state return to the ground state, and the other one is that the
electrons in the trap energy level release to the excitation state and then return to the ground
state due to the thermal disturbance. The first part of luminescence does not exist after the
excitation is stopped. The electrons captured and stored at the trap energy level will be excited
to 4f65d excitation state with the help of thermal disturbance, and then the electrons return
8S7/2 ground state in succession, which leads to the characteristic luminescence of Eu2+. The
density of electrons stored in the trap energy level is high, and its depth is proper to releasing
electrons at room temperature. So the phosphor possesses high afterglow brightness and long
afterglow time.32 For TiO2-xNy, there is a second band gap and the energy gap from the
valence band to the conduction band is about 2.3 eV29 which is lower than the emitted blue
photon energy from the CaAl2O4:(Eu,Nd) long afterglow phospher. As well known,
semiconductors could be excited by the photons with an energy equivalent to and/or higher
than the band gap energy, to induce the photoelectrons and holes. According to the TEM
- 50 -
images, CaAl2O4:(Eu,Nd) and TiO2-xNy are contacted very well. This allows the effective
absorption of luminescence light from CaAl2O4:(Eu,Nd) with TiO2-xNy. Then, the excited
TiO2-xNy triggers photocatalysis even after turning off the light. In addition, photo-generated
holes and electrons in well-crystallized brookite TiO2-xNy were more efficient to proceed the
photocatalytic reaction. This gives rise to the subsequent photocatalysis using the
luminescence emitted from CaAl2O4:(Eu,Nd) as a light source.
2.2 Influence of experimental factors on the property of
TiO2-xNy-based composite photocatalyst
2.2.1. Introduction
Titanium dioxide is on of the well established semiconductors with a wide band gap
(3.0-3.2 eV), and also the most famous and applied photocatalyst, due to its high chemical
stability in air, low cost and high catalytic ability or selectivity.1,2 However, the large-scale
application is still limited because its wide band gap, which requires UV light irradiation (λ ≤
387 nm). The ultimate goal is the direct utilization of solar energy, but the UV light in sunlight
at the surface on the earth is relatively poor. The other difficulty with TiO2 is the high
recombination rate of the photoexcited electron-hole pairs on the surface of the irradiated
particles. The fast recombination is in competition with the reactions decomposing the
pollutants.35 Many researchers tried to solve these problems by changing the electronic
structure of the photocatalyst via doping TiO2 with nonmetallic ions. Among various
candidate methods, the solvothermal method has been employed to prepare nanosize particles
of nitrogen-doped TiO2 with excellent crystallinity. On this matter, it has been found that the
choice of hexamethylenetetramine (HMT) precursor as a nitrogen source is of some
importance in the improvement of visible light responsive photocatalytic ability.36-39
The long afterglow phosphor is a special kind of luminescent materials with the long
persistent phosphorescence lasting for several hours at room temperature. As a novel
functional material, the long afterglow phosphor is drawing more and more attention in recent
years, because of a constantly growing market for their applications.40-42 It has been reported
that CaAl2O4:(Eu,Nd) is an excellent long afterglow phosphor, because of its good chemical
stability, low toxicity, and long afterglow time. In addition, this aluminate long afterglow
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phosphor has characteristics of high luminescent brightness around 440 nm of wavelength.15,16
Another useful application should be in providing proper luminescence as a light source for
photocatalysts. The photocatalytic potential of TiO2-based long afterglow phosphor
composites BaAl2O4:(Eu,Dy)/TiO2 17 and Sr4Al14O25:(Nd,Eu)/TiO2 18 in the removal of
gaseous benzene and Rhodamine B (RhB) pollutants, respectively, were reported. However,
no noticeable degradation was observed after turning off the UV light. Because these
phosphors show the photoluminescent emission with wavelengths around 495 nm19 and 488
nm, respectively, which cannot excite TiO2 photocatalyst. These results encouraged us to
develop a novel CaAl2O4:(Eu,Nd)/TiO2-xNy composites, which show the persistent
photocatalytic activity even in the dark after turning off light for long time. Nitrogen–doped
titania shows an ideal diffuse reflectance spectrum with an absorption of visible light up to
700 nm, which shows a perfect overlap with that of the emission spectrum of
CaAl2O4:(Eu,Nd). Therefore, it implied the possibility and potential application of
CaAl2O4:(Eu,Nd)/TiO2-xNy composite as the luminescent assisted photocatalyst.28
In this research, the preparation and characterization of CaAl2O4:(Eu,Nd)/TiO2-xNy
composite were carried out. The degradation of continuous flowed NO gas was successfully
realized by using TiO2-xNy immobilized on the outer surface of CaAl2O4:(Eu,Nd)
micro-particles. Not only the activity under UV light irradiation, but also the activity after
turning off the light, indicating a persistent deNOx ability of the CaAl2O4:(Eu,Nd)/TiO2-xNy
composite, provided us a possibility for the development of a novel persistent active
photocatalytic reaction system.
2.2.2. Experimental
CaAl2O4:(Eu,Nd) (consisted 0.01 mol% Eu2+ and 0.01 mol% Nd3+ 16) powders with
particle size of 13.9 µm (D50) were purchased from Nemoto Co. Ltd. Japan. Other chemicals
were purchased from Kanto Chem. Co. Inc. Japan and were used as received without further
purification. TiO2-xNy (y=0.149 wt% 20) nanoparticles with brookite phase were synthesized
by hydrothermal reaction at pH 7 and 190°C for 2 h using TiCl3 as a titanium source and
HMT as a nitrogen source20,43. The BET specific surface areas of the TiO2-xNy and
CaAl2O4:(Eu,Nd) powders were 71.1 and 0.3 m2/g, respectively. Brookite-phase TiO2-xNy
nanoparticles were mixed with desired amounts of CaAl2O4:(Eu,Nd) micro-particles by soft
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planetary ball milling at 200 rpm for 20 min. The contents of titania in the composites were
adjusted in the range of 20-80%. For comparison, undoped commercial titania (Degussa P25)
was also coupled with CaAl2O4:(Eu,Nd) by the completely same manner. The UV–vis diffuse
reflectance spectra were obtained using an UV–vis spectrophotometer (Shimadzu, UV-2450).
The time dependence of photoluminescence spectra and intensity were measured by a
spectrofluorophotometer (Shimadzu RF-5300P).
2.2.3. Results and discussion
Figure 2.10 shows the XRD patterns of CaAl2O4:(Eu,Nd)/TiO2-xNy composites consisted
of various amounts of TiO2-xNy. All the composites exhibited sharp peaks of CaAl2O4:(Eu,Nd)
and broad peaks of TiO2-xNy, indicating the coupling of CaAl2O4:(Eu,Nd) and TiO2-xNy. The
structure of the TiO2-xNy was confirmed as a single phase brookite according to the existence
of the (121) peak at 2θ= 30.81°. It was expected that all samples synthesized would have high
photocatalytic efficiency due to their distinct brookite phase structure as reported previously.44
Furthermore, it was found that the peak intensity belonged to CaAl2O4:(Eu,Nd) decreased
with an increase in TiO2-xNy content, which might be related to the loading of nitrogen-doped
TiO2 on the surface of CaAl2O4:(Eu,Nd) particle.
Figure2.10 XRD patterns of CaAl2O4:(Eu,Nd)/ TiO2-xNy composites consisted of (a) 0, (b) 20,
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(c) 40, (d) 60, (e) 80 and (f) 100 mass % of TiO2-xNy.
Figure 2.11 SEM (a, c) and TEM (b, d) images of the products. (a, b) pure CaAl2O4:(Eu,Nd);
(c, d) CaAl2O4:(Eu,Nd)/TiO2-xNy composites.
The SEM and TEM images of CaAl2O4:(Eu,Nd) and the as-prepared
CaAl2O4:(Eu,Nd)/TiO2-xNy composite are shown in the Figure 2.11. The surface of pure
CaAl2O4:(Eu,Nd) was smooth. It could be seen that the TiO2-xNy nanoparticles with 15 - 20
nm in diameter dispersed well on the surface of CaAl2O4:(Eu,Nd) micro particles with 1 - 15
μm in diameter. It should be mentioned that nanosize photocatalyst are suitable for loading on
the surface of large geometric dimension long afterglow materials when utilized as
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luminescent assisted photocatalyst, due to the large surface area of photocatalyst on the
surface and easiness of the light transmission on the long afterglow materials to provide
enough intensity of emission luminescence for the photocatalytic reactions. It is important to
note that as the TiO2-xNy content increases, both the amount and the reaction sites of the
photocatalyst increase, but the transmission of light to excite the phosphor decreases.
Figure 2.12 Overlap of the diffuse reflectance spectra and emission spectra of
CaAl2O4:(Eu,Nd)/TiO2-xNy composite consisted of (a) 0, (b) 20, (c) 40, (d) 60, (e) 80 and (f)
100 mass % of TiO2-xNy.
Figure 2.12 shows the diffuse reflectance spectra (DRS) and the emission spectra of
CaAl2O4:(Eu,Nd)/TiO2-xNy composites consisted of various amounts of TiO2-xNy.
CaAl2O4:(Eu,Nd) emitted blue luminescent light with a peak of 440 nm in wavelength after
UV light irradiation (325 nm). Although undoped titania absorbed only UV light of the
wavelength less than 400 nm, nitrogen–doped titania showed absorption of visible light up to
700 nm, showing a nice overlap between the diffuse reflectance spectrum of TiO2-xNy and the
emission spectrum of CaAl2O4:(Eu,Nd). These results implied the potential possibility of
CaAl2O4:(Eu,Nd)/TiO2-xNy composite as a luminescent assisted photocatalyst which uses the
long afterglow light from the phosphor as the light source of the visible light responsive
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TiO2-xNy photocatalyst. Our previous research proved that nitrogen doped titania could be
induced the photocatalytic activity by such weak LED light as 2.0 mW/cm2 under irradiation
of visible light with long wavelength, such as 627 nm.29,30 These results also strongly implied
the potential application of the composite as luminescent assisted photocatalyst material.
Compared with pure CaAl2O4:(Eu,Nd), the reflectance in DRS of CaAl2O4:(Eu,Nd)/TiO2-xNy
composites decreased with an increase in the TiO2-xNy content due to the strong absorption
ability of TiO2-xNy. It can be seen that the intensity of luminescence of
CaAl2O4:(Eu,Nd)/TiO2-xNy composites peaked at 440 nm also decreased with an increase in
the TiO2-xNy content. This may be attributable to the visible light absorption by TiO2-xNy
loaded on the surface of CaAl2O4:(Eu,Nd).
Figure 2.13 Emission decay curves of the CaAl2O4:(Eu,Nd)/TiO2-xNy composites consisted of
(a) 0, (b) 20, (c) 40, and (d) 60 mass % of TiO2-xNy, after mercury lamp (λ>290 nm)
irradiation.
Figure 2.13 shows the emission decay profile of CaAl2O4:(Eu,Nd)/TiO2-xNy composites.
The composite showed an emission spectrum peaked at 440 nm, which was almost identical
to that of CaAl2O4:(Eu,Nd), attributed to the typical 4f65d1-4f7 transition of Eu2+.16 It is
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obvious that even if 40 mass % brookite type TiO2-xNy was coated on the surface of
CaAl2O4:(Eu,Nd) particles, comparatively strong luminescence intensity of the composite was
kept. Although the emission intensity decayed with time, the emission intensity about 10
mcd/mm2 was retained even after turning off light for 2 h.
Figure 2.14 Photocatalytic deNOx abilities of (a) CaAl2O4:(Eu,Nd)/TiO2-xNy composite, (b)
CaAl2O4:(Eu,Nd)/TiO2 (P25) composite consisted of 40 mass % of titania, and (c) pure
TiO2-xNy under UV light irradiation for 30 min followed by turning off light, while NO gas
was continuously flowed. The inset shows the quantum yield of the sample (a)
CaAl2O4:(Eu,Nd)/TiO2-xNy composite at 40 min (under UV light with the wavelength of 290
nm for 30 min) and 100 min ( in dark after turning off light for 1 h).
The photocatalytic capability of the CaAl2O4:(Eu,Nd)/TiO2-xNy composites was studied
by the oxidative removal of NO using the CaAl2O4:(Eu,Nd)/TiO2-xNy catalysts synthesized
under various conditions.
Figure 2.14 shows the photocatalytic NO destruction behaviors of CaAl2O4:(Eu,Nd)/
TiO2-xNy, TiO2-xNy and CaAl2O4:(Eu,Nd)/undoped TiO2 (P25) under UV light irradiation
followed by turning off the light. It was obvious that all the samples possessed excellent
photocatalytic deNOx activity under UV light irradiation. It can be confirmed that under
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irradiation of a high pressure mercury lamp, CaAl2O4:(Eu,Nd)/TiO2-xNy composite and pure
TiO2-xNy exhibited similar photocatalytic activity, although CaAl2O4:(Eu,Nd)/TiO2-xNy
composite contained only 40 mass% of TiO2-xNy , indicating the improvement of
photocatalytic activity of TiO2-xNy by the combination with CaAl2O4:(Eu,Nd). It may be due
to the depression of the agglomeration of TiO2-xNy nanoparticles and recombination of the
photo-induced electron-hole by the heterogeneous electron transfer from TiO2-xNy to
CaAl2O4:(Eu,Nd).
The inset of Figure 2.14 shows the apparent quantum efficiencies (QEλ) of the
CaAl2O4:(Eu,Nd)/TiO2-xNy composite consisted of 40% TiO2-xNy under UV light irradiation
together with that after turning off light, respectively. The apparent quantum efficiency (QEλ)
can be calculated using the following equation29,50 (Eqn(2.2)), which take into account the









Where FNO (µmol s-1) is the flow quantity of NO molecules in the reaction gas (1ppm,
200ml/min i.e. 1.488⋅10−4 µmols-1), αλ (%) the deNOx ability of the photocatalyst, Pλ (µmol
m-2 s-1) the light intensity (photon numbers) on the surface of the sample, S (m2) the surface
area of the sample (S=1.28 × 10-3 m2), and Aλ (%) the average light absorption ratio of the
sample at different light wavelengths. It is clear that CaAl2O4:(Eu,Nd)/TiO2-xNy composite
consisted of 40 mass % TiO2-xNy possessed much higher QE under luminescence irradiation
after turning off UV light for 60 min (light intensity =5.6×10-2 J s-1m-2, QEλ=440nm,100min =
13.5%) than that of the same sample under UV light irradiation for 30 min (light intensity=
310.6 J s-1m-2, QEλ>290nm,40min = 0.024%). This result indicated that luminescent light of
CaAl2O4:(Eu,Nd) might be utilized effectively, although it is very weak(3.9 mcd m-2).
The characterization system used in the present research was similar to that of the
Japanese Industrial Standard which was established at the beginning of 2004.45 In this JIS
standard, it is recommended that the photocatalytic activity of photocatalyst should be
characterized by measuring the decrease in the concentration of NO at the outlet of a
continuous reactor. One ppm of NO gas with a flow rate of 3.0 dm3/min is introduced to a
reactor then irradiated by a lamp with light wavelength of 300-400 nm. The mechanism of
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photocatalytic deNOx had been researched carefully by M.Anpo46. During the deNOx
photocatalytic reaction, the nitrogen monoxide reacts with the reactive oxygen radicals,
molecular oxygen, and very small amount of water in the air to produce HNO2 and/or HNO3.
It was confirmed that about 20% of nitrogen monoxide was decomposed to nitrogen and
oxygen directly46 Because a continuous reaction system was utilized in the deNOx
characterization,20,21 after turning off the light, it took about 10min (total 50min from the start
of the characterization) to achieve diffusion balance and return to the initial NO concentration
of 1 ppm.


















Figure 2.15 Effect of TiO2-xNy content in the composites on the persistent degradation of NO
at (a) 40 min (under UV light with the wavelength of 290 nm for 30 min) and (b) 100 min ( in
dark after turning off light for 1 h).
The degree of NO destruction by TiO2-xNy and CaAl2O4:(Eu,Nd)/undoped TiO2 (P25)
immediately decreased after turning off the light, however, as-expected, CaAl2O4:(Eu,
Nd)/TiO2-xNy retained the NO destruction ability for about 3 h. These results indicated that the
emission by CaAl2O4:(Eu,Nd) was used as a light source to excite TiO2-xNy photocatalyst. It
was also confirmed that CaAl2O4:(Eu,Nd)/TiO2-xNy composite consisted of 40 mass %
brookite TiO2-xNy (mass ratio of CaAl2O4:(Eu, Nd)/TiO2-xNy = 3/2) possessed the best
performance after turning off the light.
Figure 2.15 shows the results of the effect of the TiO2-xNy content in
CaAl2O4:(Eu,Nd)/TiO2-xNy composite on the persistent degradation of NO. The
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CaAl2O4:(Eu,Nd)/TiO2-xNy composite could continuously remove more than 70 % of NO
under UV light irradiation, while the degree of NO removal by CaAl2O4:(Eu,Nd) was only
40%. The percentages of photocatalytic degradation of NO in the dark after turning off light
for 1 h were 0.4 %, 4.4 %, 5.0% 8.4 %, 3.0%, 2.1 %, and 0 % when the contents of TiO2-xNy
were 0, 20, 30, 40, 50, 60, and 100 mass %, respectively. These results indicated that the mass
ratio of CaAl2O4:(Eu,Nd)/TiO2-xNy played an important role on the persistent photocatalytic
activity of CaAl2O4:(Eu,Nd)/TiO2-xNy composite samples. The optimum TiO2-xNy content for
the persistent photocatalytic degradation of NO seemed to be ca. 40 mass %. Further increase
in TiO2-xNy content resulted in a slight decrease in the photocatalytic degradation of NO under
UV light irradiation, together with the decrement in the persistent decomposition of NO in the
dark after turning off the light. This might be related to the decrement of light reached on the
surface of long afterglow CaAl2O4:(Eu,Nd). Coupling CaAl2O4:(Eu,Nd) long afterglow
phosphor at the optimum amount of TiO2-xNy led to the well dispersion of TiO2-xNy
nanoparticles on the CaAl2O4:(Eu,Nd) surface and also definite luminescent intensity of long
afterglow phosphor materials, resulted in the enhanced photocatalytic activity. The TiO2-xNy
tended to agglomerate status at high TiO2-xNy content as seen from the FESEM images and
resulted in a slight decrease in photocatalytic activity. Further covering the surface of the
CaAl2O4:(Eu,Nd) long afterglow phosphor by clusters of TiO2-xNy also reduced the area
directly exposing to the incoming light.
Figure 2.16 Effect of planetary ball milling on the deNOx ability of the composites. (a) under
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UV light irradiation for 40 min; followed by (b) turning off the light for 60 min (in dark).
The ball milling speed to prepare CaAl2O4:(Eu,Nd)/TiO2-xNy composite can also affect
the photodegradation of NO. Figure 2.16 shows the persistent degradation of NO in the dark
by using the as-prepared composites possessed the highest deNOx activity (ca. 8%) when the
composite sample was prepared by planetary ball milling at 200 rpm. The increase in the
deNOx ability with an increase in the ball-milling speed up to 200 ppm might be attributed to
the positive effect to promote homogeneous mixing, while the decrease in the deNOx ability
above 200 rpm might be due to the negative effect to increase the lattice strain and/or deffect
of the sample to promote the recombination of photo-induced electrons and holes.
Figure 2.17 photocatalytic deNOx activities of CaAl2O4:(Eu,Nd)/TiO2-xNy composite (60 mass
% TiO2-xNy) under irradiation of (a) mercury light of 450 W (wavelength of >290 nm) and (b)
artificial solar light, respectively.
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Figure 2.18 Relationship between CaAl2O4:(Eu,Nd)/TiO2-xNy composite and the deNOx
activities under (c) artificial solar light irradiation for 40 min, followed by (d) turning off the
light for 60 min (keep in dark).
Not only mercury lamp, but also some other light sources could be utilized in the
luminescent assisted photocatalytic system. Since solar light is the cheapest and most
abundant clean energy, it may be the best and final choice of energy source for environmental
cleanup. When the artificial solar light lamp was utilized, nearly 80 % of NO could be
continuously removed under light irradiation, and ca. 8 % of the NO was degraded after 100
min in the dark using the CaAl2O4:(Eu,Nd)/TiO2-xNy composite consisted of 40 mass %
TiO2-xNy. (shown in (Figure 2.17, 2.18)). This indicates that the persistent deNOx degradation
in the dark after turning off light can also be achieved using sunlight as the excitation light
source.
























Figure 2.19 Repeated photocatalytic NO degradation by (a) CaAl2O4:(Eu,Nd)/TiO2-xNy and (b)
CaAl2O4:(Eu,Nd)TiO2(/P25) consisted of 40 wt.% of titania (surface area of sample: 22.5cm2)
using an artificial solar light with 69.3 W/m2 as irradiation source.
To study the photostability of the persistent photocatalysts, the photocatalytic NO
degradation was repeatedly conducted three times using CaAl2O4:(Eu,Nd)/TiO2-xNy and
CaAl2O4:(Eu,Nd)/P25 composites. The results are shown in Figure 2.19. It is obvious that no
loss of photocatalytic ability occurred in three successive runs, indicating that
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CaAl2O4:(Eu,Nd)/TiO2-xNy composite was stable and resistant to photocorrosion in the
photocatalytic oxidation of NO.




















Figure 2.20 Effect of sample area on the degradation of continuously flowed NO gas under
irradiation of artificial solar light with the spot size of about 22.5 cm2.
Figure 2.20 shows NO degradation by using CaAl2O4:(Eu,Nd)/TiO2-xNy composite with
40 mass % TiO2-xNy as a function of irradiation areas under the same experimental condition.
Under light irradiation (40 min), the deNOx ability increased from 63 to 80 and 95 % when
the sample irradiation area was increased from 9.9 to 14.5 and 36 cm2, respectively. Large
sample irradiation area resulted in receiving more photons for the sample. The activities
reached the limit due to the limitation of the irradiation area from the light source in the
present characterization system.
After excitation of CaAl2O4:(Eu,Nd) by the irradiation light, electron and hole pairs are
produced in Eu2+ ions, and the Nd3+ traps capture some free holes moving in the valence band.
When the excitation source was cut off, some holes captured by the Nd3+ traps were thermally
released slowly and relaxed to the excited state of Eu2+, returning to the ground state of Eu2+
accompanied with emitting light. This emission is a symmetrical band at 440 nm, a strong
blue emission, which is attributed to the typical 4f65d1-4f7 transition of Eu2+.16 For TiO2,
doping with nitrogen ions results in a narrowing of the band gap by forming the N2p band
above the O2p band, and consequently induces a second band gap about 2.34 eV,14 which is
lower than the emitted blue luminescent energy.49 As well known, semiconductors can be
excited by the lights with an energy equivalent or higher than the band gap energy to generate
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photoelectrons and holes. CaAl2O4:(Eu,Nd) and TiO2-xNy could be closely contacted each
other by the present ball-milling treatment. The coupling of CaAl2O4:(Eu,Nd) and TiO2-xNy
particles was useful to improve the photocatalytic activity of TiO2-xNy probably due to the
depression of the agglomeration of TiO2-xNy nanoparticles. The coupled TiO2-xNy could absorb
the visible light long afterglow emitted by CaAl2O4:(Eu,Nd) to cause persistent photocatalytic
activity even after turning off the light.
Table 2.5 Color images and photocatalytic activity of the samples under light irradiation
(left) and followed by (d) turning off the light (right). (a) TiO2-xNy; (b) CaAl2O4:(Eu,Nd); (c)
CaAl2O4:(Eu,Nd)/TiO2-xNy composite.
The present results indicated that the combination of CaAl2O4:(Eu,Nd) and TiO2-xNy is an
effective way to realize the persistent catalytic activity even after turning off the light. In
addition, it is well known that the combination of the two different band structure compounds
may cause the charge transfer to depress the recombination of photo-induced electrons and
holes, which is useful for the improvement of photocatalytic activity.47,48 This novel system
provides a possibility of environmental purification not only in the day time, but also in the
night time (see the image in Table 2.5). In other words, this composite is suitable for the
construction of a novel persistent active photocatalyst system. A promising strategy, which
involves coupling of visible light induced photocatalyst with long afterglow phosphor might
be established. It is a new concept for the photocatalyst synthesis and applications.




For environmental purification, photocatalysis using semiconductors and sunlight has been
attracting extensive attention.51-53 The most extensively studied photocatalyst, TiO2, possesses
a wide band gap, such as 3.2 eV of anatase phase and 3.0 eV of rutile phase, and can absorb
only the UV light occupying less than 5 % of the total sunlight to generate charge carriers for
promoting the surface redox reactions. In order to promote the practical application of TiO2
the great challenge to overcome its inherent property is required.
To effectively harvest the visible light that occupies ~43% of the total sunlight,54
constructing a photocatalysis system with high visible-light activity is indispensable. Many
efforts have been expended to modify the band gap of TiO2 to absorb both UV and visible
light. Among them, N doping has been most widely studied, and considered as the most
promising visible light photocatalyst.14,5,6,55 However, some researchers55,56,57 also suggested
the decrease in photocatalytic efficiency of N doped TiO2, due to the strongly localized N 2p
states at the top of the valence band, which would tend to trap photo-generated electrons, and
also reduce the oxidation power and the mobility of holes. The anion vacancies caused by the
N doping were also considered as a factor resulting in the decrease in photocatalytic
efficiency.
As an approach to overcome these problems and to further enhance the photocatalytic
activity of N doped TiO2, the charge compensation by codoping with a transition metal ion
has been proposed. The codoped TiO2 with nonmetals and transition metals may be a new
promising second-generation visible-light responsive photocatalyst, because the charge
compensation by codoping may suppress the recombination of the photo-induced electrons
and holes.58-62 In this work, the facile microwave-assisted hydrothermal method was used for
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the synthesis of metal ion co-doped TiO2-xNy, while Ta5+ was selected as a codoped transition
metal ion source. On the other hand, our previous work has reported that the TiO2-xNy loaded
with Fe2O3 showed excellent photocatalytic activity due to the heterogeneous electron transfer
from TiO2-xNy to Fe2O3 to retard the quick recombination of photo-generated electrons and
holes.63 To further enhance the photocatalytic activity of (Ta,N)-codoped TiO2, a proper
amount of Fe2O3 was loaded on the surface of samples via the microwave-assisted
hydrothermal method.
Recently, we have prepared several fluorescence assisted photocatalysts including
TiO2-xNy-based composite photocatalysts for the persistent photocatalytic degradation of NO
in the dark after turning off light.28,34,64,65 Herein, we further investigated the performances of
the as-prepared (Ta,N)-codoped TiO2/Fe2O3 after coupling with a long afterglow phosphor
CaAl2O4:(Eu,Nd), especially the persistent fluorescence assisted photocatalytic activity. Our
strategies can overcome the difficulties of some previous schemes and may provide some
guidance for improving the photocatalytic activity of TiO2 for practical application.
2.3.2 Experimental section
The preparation method of Ta and N co-doped TiO2 was similar to that of N doped TiO2,
which was reported in a previous paper.5 After mixing 11.6 g of a 20 wt.% TiCl3 aqueous
solution with 10 cm3 distilled water, the predetermined quantity (0.5 mol.% Ta) of TaCl5
powders were dissolved into the solution, followed by the dissolution of 4.2 g of
hexamethylenetetramine (HMT). The obtained solution was diverted into a Teflon® autoclave
with an internal volume of 60 cm3. The autoclave was irradiated by microwaves to start the
hydrothermal reaction at the temperature of 190 oC for 10 min using a 1000 W microwave
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reaction apparatus (ACTAC Co. MWS-2, 2.45GHz). After that, desired amounts of FeCl2 ･
4H2O was added into the reaction solution, and the microwave assisted hydrothermal reaction
was performed again at 190oC for 10 min to get the products. The precipitates were separated
by centrifugation, washed with distilled water and acetone three times, respectively, then
vacuum dried at 60 oC overnight. The amount of Fe in the final products was changed in the
range from 0 to 10 mol.%. The obtained TiO2-based photocatalysts were then mixed with
CaAl2O4:(Eu,Nd) micro-particles by a soft planetary ball milling with 200 rpm for 20 min,
where the mass ratio of CaAl2O4:(Eu,Nd)/TiO2 was adjusted to 3/2.28,34,64,65
The products were characterized by X-ray diffraction analysis (XRD, Shimadzu XD-D1),
UV-vis spectrophotometry (Shimadzu, UV-2450), and BET specific surface area
measurements (Quantachrome Instruments, NOVA 4200e). The low-level chemiluminescence
intensity of singlet oxygen (1O2) was measured using a multiluminescence spectrometer
(MLA-GOLDS; Tohoku Electric Ind., Japan) at 20 oC in the air. After placing approximately
1.2 g of the sample in a stainless steel sample chamber (50 mm in diameter), the blue light
emitting diode (LED) light (wavelength 470 nm) was irradiated for 5 min. After that the
chemiluminescence intensity corresponded to the singlet oxygen (1O2) at a wavelength of 634
nm was measured by subtracting the luminous intensity of λ<640 nm from that of λ<620 nm
using two filters, λ<640 nm and λ<620 nm.
To evaluate the photocatalytic activities of the obtained samples, the oxidative
decomposition of nitrogen monoxide45,46 and acetaldehyde93 were carried out.
2.3.3 Results and discussion
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Figure 2.21. Diffuse reflectance spectra of (a) (Ta,N)-codoped TiO2/Fe2O3, (b) (Ta,N)-codoped
TiO2, (c) N-doped TiO2 and (d) P25.
The diffuse reflectance spectra of (Ta,N)-codoped TiO2/Fe2O3, (Ta,N)-codoped TiO2, N-doped
TiO2 and undoped TiO2 (AEROXIDE® TiO2 P25) are shown in Figure 2.21. It can be seen that P25
absorbs only UV light because of the large band gap energy of ca. 3 eV, but (Ta,N)-codoped TiO2/Fe2O3,
(Ta,N)-codoped TiO2 and N-doped TiO2 absorb visible light up to 650 nm of the wavelength due to the
creation of the new valence band of N2p. The visible light absorption ability did not change very much by
codoping Ta 5+ with N3-. The increase in the visible light absorption ability by coupling with Fe2O3 must be
due to the light absorption by Fe2O3 possessing smaller band gap energy.
The photocatalytic activities of the samples were first evaluated by the
photo-decomposition of NOx gas under irradiation lights with various wavelengths. For a
reference, the evaluation was also performed on P25. The initial concentration of NOx was
about 1.0 ppm, and during the experiment, gas containing 1.0 ppm NOx was passed through
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the reactor continuously. The experiment was started when the concentration of NOx at the
outlet of the reactor reaching a steady value near 1.0 ppm. Then the light was turned on to
start the photocatalytic reaction, and after reaching the concentration of NOx to a steady value,
the filter was changed so as to evaluate the activity under the irradiation with another
wavelength region.
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Figure 2.22 (A) DeNOx ability of the composites consisted of (a) (Ta,N)-codoped TiO2/Fe2O3,
(b) (Ta,N)-codoped TiO2, (c) N-doped TiO2, (d) P25 under irradiation with different
wavelengths and (B) Photocatalytic activities in decomposing acetaldehyde and generating
carbon dioxide on (a) CaAl2O4:(Eu,Nd)/(Ta,N)-codoped TiO2 coupled with Fe2O3, (b)
CaAl2O4:(Eu,Nd)/(Ta,N)-codoped TiO2, (c) CaAl2O4:(Eu,Nd)/N-doped TiO2, (d)
CaAl2O4:(Eu,Nd)/ P25 under (A) solar simulator irradiation with the intensity of 69.7 W/m2.
(1: CO2 concentration, 2: CH3CHO)
Figure 2.23. The photocatalytic activity data of the as-prepared samples were treated against
various wavelength ranges: (a) (Ta,N)-codoped TiO2/Fe2O3, (b) (Ta, N)-codoped TiO2, (c)
N-doped TiO2, (d) undoped TiO2 P25.
As shown in Figure 2.22(A), P25 showed no activity under visible-light irradiation with
the wavelength of longer than 510 nm due to the large band-gap energy. In contrast, N-doped
TiO2 showed a high deNOx ability under both UV (λ>290 nm) and visible (λ>400 nm) light
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irradiation, higher than that of the commercial P25, due to the narrowed band gap and higher
specific surface area.14,5,55 To retard the quick recombination of photo-induced electrons and
holes, co-doping of N3- with Ta5+ ion has also been tried, where Ta5+ would occupy the Ti4+
sites to decrease the anion vacancy. By co-doping Ta5+ with N3- into TiO2, the photocatalytic
efficiency of N-doped TiO2 was effectively improved. In addition, after forming (Ta,N)-doped
TiO2/Fe2O3 composite, the activity was further enhanced, where the sample showed excellent
photocatalytic activity, especially under the visible light irradiation. This was attributable to
the effective separation of photo-generated electrons and holes by the heterogeneous electron
transfer from (Ta,N)-doped TiO2 to Fe2O3.
Figure 2.24. The quantum efficiency of the as-prepared samples against various wavelength
ranges: (a) (Ta,N)-codoped TiO2/Fe2O3, (b) (Ta,N)-codoped TiO2, (c) N-doped TiO2, (d)
undoped TiO2 P25.
- 71 -
Figure 2.25. Specific surface areas of (Ta,N)-codoped TiO2/Fe2O3 with different Fe contents,
CaAl2O4:(Eu,Nd)/(Ta,N)-codoped TiO2 and CaAl2O4:(Eu,Nd)/(Ta,N)-codoped TiO2/Fe2O3.
The apparent quantum efficiencies of NOx evolution were estimated on the basis of the
number of incident photons, according to the photooxidation process of NO (Figure 2.23 and
eq. 2.2) proposed by Yin et al.29,50 As shown in Figure 2.24, the wavelength dependence of
quantum efficiency is not consistent with the UV-vis spectrum. It is worthy to note that the
quantum efficiency of modified TiO2 at λ> 510 nm (~0.12 %) was over 10 times higher than
that of P25 (~0.015 %), meantime the Brunauer-Emmett-Teller (BET) surface are of P25 (80
m2g-1) was much smaller than that of modified TiO2 (> 200 m2g-1) (Figure 2.25) .
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Figure 2.26 (A) DeNOx ability of the composites of (a) (Ta,N)-codoped TiO2/Fe2O3, (b)
(Ta,N)-codoped TiO2, (c) N-doped TiO2, (d) P25 with CaAl2O4:(Eu,Nd) under (A1) a high
pressure mercury arc irradiation with the wavelength of longer than 290 nm for 30 min
followed by (A2) turning off light. The inset shows the result from 0 to 220 min. (B)
Photocatalytic activities to generate carbon dioxide by decomposing acetaldehyde in the dark
by (a) CaAl2O4:(EuNd)/(Ta,N)-codoped TiO2/Fe2O3, (b) CaAl2O4:(Eu,Nd)/(Ta,N)-codoped
TiO2, (c) CaAl2O4:(Eu,Nd)/N-doped TiO2, (d) CaAl2O4:(Eu,Nd)/P25 irradiated by a black
lamp for 30 min prior to start the reaction.
Because of the excellent visible light photocatalytic performance, (Ta,N)-codoped TiO2
and (Ta,N)-codoped TiO2/Fe2O3 were coupled with commercial long afterglow phosphor
CaAl2O4:(Eu,Nd), which can emit persistent fluorescence (λex= 440 nm) for more than 10 h to
prepare the fluorescence assisted photocatalysts. The fluorescence (λex= 440 nm) of
CaAl2O4:(Eu,Nd) 28,34,64,65 belongs to the emission of 4f65d1→4f7 electronic transition of Eu2+
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ions in CaAl2O4 and seems to be used as a light source to excite (Ta,N)-codoped TiO2 and
TiO2-xNy to proceed the photocatalytic reaction in the present systems. Figure 2.26A shows
the photocatalytic NO destruction behaviors of as-prepared samples after coupling with the
same mass ratio of CaAl2O4:(Eu,Nd) under irradiation (λ>290 nm) and after turning off the
light. It was obvious that all the samples possessed similarly excellent photocatalytic deNOx
activity under irradiation. Because a continuous reaction system was utilized in the present
study, after turning off the light, usually it took about 10 min to return to the initial value of
NO concentration. In a previous work, it was suggested that the degree of NO removal by
P25-based composite and pure TiO2-xNy immediately decreased after turning off the
light.28,34,64,65 In contrast, TiO2-xNy, (Ta,N)-doped TiO2 and (Ta,N)-doped TiO2/Fe2O3
based-composites retained the NO destruction ability for about 3 h. The rutile phase TiO2-xNy
coupled with CaAl2O4:(Eu,Nd) showed the persistent photocatalytic deNOx ability of only 4.2
%, but (Ta,N)-codoped TiO2 based-composite could continuously decompose 8.2 % of NOx.
Moreover, (Ta,N)-codoped TiO2 loaded with Fe2O3 showed the more excellent persistent
deNOx ability of 10.7 %. The higher ability to generate 1O2 of (Ta,N)-doped TiO2/Fe2O3
shown in Figure 2.27 might play an important role in inducing higher NO destruction ability
after turning off the light than those of the others.
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Figure 2.27. Chemiluminescence emission spectra of 1O2 generated at 25 ºC in air under
irradiation by blue LED light sources with the wavelength of 470 nm: (a) (Ta,N)-codoped
TiO2/Fe2O3, (b) (Ta,N)-codoped TiO2, (c) N-doped TiO2.
Figure 2.28. Photocatalytic activities for the oxidative decomposition of NO of
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(Ta,N)-codoped TiO2/Fe2O3 with different Fe contents.
Above results show that the (Ta,N)-codoped TiO2 is powerful for photocatalytic
degradation of NO under both visible light and persistent fluorescence, and (Ta,N)-codoped
TiO2/Fe2O3 loaded with 1.0 mol.% of Fe2O3 exhibits the best performance (Figure 2.28). The
strong ability to generate 1O2 suggests the possibility of photocatalytic decomposition of some
organic compounds under fluorescence irradiation with low intensity and/or solar light
irradiation. Here, we report that acetaldehyde (CH3CHO), a common indoor air pollutant, can
be efficiently decomposed over the composite samples both under solar light irradiation and
after turning off the lamp irradiation.
Photocatalytic decomposition of CH3CHO was investigated using a cylindrical static
reaction vessel. All composites of CaAl2O4:(Eu,Nd)/P25, CaAl2O4:(Eu,Nd)/TiO2-xNy,
CaAl2O4:(Eu,Nd)/(Ta,N)-codoped TiO2 and CaAl2O4:(Eu,Nd)/(Ta,N)-codoped TiO2/Fe2O3
showed the excellent acetaldehyde decomposition ability under photo irradiation (λ>290 nm),
indicating the yield of carbon dioxide for 3 h of 62.8, 50.4, 50.5 and 59.4 %, respectively.
However, similar to NO removal, the persistent fluorescence assisted photocatalytic
performances of the composites for decomposition of CH3CHO to CO2 in the dark greatly
changed depending on the composition. The time dependences of the concentrations of carbon
dioxide produced from the degradation of CH3CHO with various samples are shown in Figure
2.26(B). All the composites were irradiated by black lamp for 30 min to get enough energy to
generate long afterglow fluorescence, and then placed in the reactor to start the acetaldehyde
decomposition without photo irradiation. The blank experiment using CaAl2O4:(Eu,Nd)/P25
composite showed that there is no noticeable change in the concentration of CO2 in the dark.
It is an indirect proof that acetaldehyde is stable and cannot be decomposed without
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photo-excitation of a catalyst. It is obvious that the amount of carbon dioxide generated
greatly varied in the order CaAl2O4:(Eu,Nd)/(Ta,N)-codoped TiO2/Fe2O3 > CaAl2O4:(Eu,Nd)/
(Ta,N)-codoped TiO2 > CaAl2O4:(Eu,Nd)/TiO2-xNy >> CaAl2O4:(Eu,Nd)/P25. This result was
in good agreement with that of above descrived NO destruction.
Figure 2.29. Schematic illustration of the band structure of (Ta,N)-codoped TiO2/Fe2O3.
Figure 2.30. Absorption edge energies are determined by the intercept of a linear fit to the
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absorption edge: (a) (Ta,N)-codoped TiO2/Fe2O3, (b) (Ta,N)-codoped TiO2, (c) N-doped TiO2,
(d) undoped TiO2 P25. [ νhRF )( ∞ ] represents the Kubelka-Munk (KM) function multiplied by
the photon energy.
Figure 2.29 schematically shows the band structures of (Ta,N)-codoped TiO2/Fe2O3. As a
result of band gap energy (results shown in Figure 2.30) calculated by UV-vis DRS spectrum
(Figure 2.21), it is confirmed that the hybridized states composed of N 2p orbitals and Ta 5d
orbitals are formed after co-doping of N and Ta into TiO2.69 As N acts as an acceptor and Ta
acts as a donor, codoping with one acceptor and one donor, respectively, can compensate for
the charges of the impurities from each other. In other words, two electrons move from the
partially occupied Ta 5d orbitals to the partially occupied N 2p orbitals. The Fermi level lies
above the hybridized states, and full occupied N 2p states appear. Ta 5d states may be
responsible for the lowering of the energy levels of N 2p states, bringing the N 2p states much
closer to the VB, therefore, enhancing the mixing of N 2p and O 2p states in the VB. In this
case, the continuum states above the VB edge are formed rather than isolated states, which
is favorable to enhancing the lifetimes of photoexcited carriers.66-70 Moreover, the
compensated systems keep the semiconductor character, which subsequently promotes the
separation of electron-hole pairs excited under visible-light irradiation. These results indicate
that the compensated systems guarantee a significant photocatalytic activity in the
visible-light region by narrowing the energy gap and suppress the recombination of
electron-hole pairs. In addition, the coupling with Fe2O3 will result in the effective separation
of photo-induced electrons and holes by the heterogeneous electron transfer from TiO2 to
Fe2O3.
2.4 Influence of long afterglow phosphors on CH3CHO
decomposition
2.4.1. Introduction
It is well known that the poor air quality in indoor environments, such as buildings, houses,
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cars, and aircraft cabins can promote transmissible respiratory illnesses, allergies, and sick
building syndrome.71 Extensive researches have shown that TiO2 is an intriguing material for
photocatalytic environmental purification under ultraviolet (UV) illumination.72-82 One of the
most significant environmental applications of TiO2 is to decompose volatile organic
compounds (VOCs) to clear the air. However, TiO2 can absorb the light only in the near-UV
region, which is about 3% of the solar spectrum.83 In order to realize a practical application,
an efficient approach to broaden the photoresponse of TiO2 by doping with a nonmetal atom
has been introduced. Asahi et al. reported that the band gap of TiO2 could be narrowed by
doping with nitrogen ion, since the valence band of N2p band locates above O2p band.14
Similarly, our group has also investigated the photocatalytic and photoelectrochemical
properties of nitrogen-doped TiO2 prepared by a microwave-assisted method.84
A typical approach to mitigate the VOC problem in indoor environments is to employ
photocatalyst materials to remove low concentrations of organic pollutants from air,
ultimately converting them to comparatively harmless products, such as H2O and CO2.29,50,85-87
The VOC removal by the photocatalysis generally requires a continuous light source. An
alternative solution to persistent VOC removal is the self-luminescence photocatalysis
involving modified TiO2. There are various long afterglow phosphors, which emit eye-visible
persistent fluorescence, and show chemical stability and low toxicity.19,88-90 Coupling TiO2-xNy
with long afterglow phosphors may result in a system that can eliminate pollutants such as
VOC, even after turning off the irradiation light.
In previous papers, it was reported that the coupling CaAl2O4:(Eu,Nd) with TiO2-xNy was
useful to achieve persistent photocatalytic degradation of continuous flowing NO gas even
after turning off the UV and/or artificial solar light irradiation.28,34,64 It is believed that the
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coupling of the long afterglow phosphor with photocatalysts is a conceptually simple and
promising approach to improve the performance of photocatalytic reactions. Until now, the
photocatalytic deNOx activity was investigated by the mentioned materials in the present
research. Effect on the removal of acetaldehyde (CH3CHO) in a close system, a common
indoor air pollutant, has been investigated for the first time. In this paper, the photocatalytic
degradation of gaseous acetaldehyde pollutants in air using persistent fluorescence assisted
TiO2-xNy photocatalyst, coupled with different long afterglow phosphors was investigated. It
was found that coupling TiO2-xNy with long afterglow phosphors could emit persistent
fluorescence in the dark after turning off light. When compared with an undoped TiO2
(Degussa P25) particulate film with similar thickness and geometric area, the fluorescence
assisted TiO2-xNy demonstrated the significantly superior photocatalytic activity for the
degradation of acetaldehyde pollutants in darkness.
2.4.2 Experimental
2.4.2.1. Synthesis
TiO2-xNy was prepared by the hydrothermal method, reported in a previous paper.20 20
mass % of TiCl3 aqueous solution and hexamethylenetetramine (HMT) were used as the
titanium and nitrogen sources. After dissolving 10 ml TiCl3 aqueous solution and 5g HMT in
12.5 ml methanol, the solution was heated at 190ºC for 15 min by a microwave oven.84,85 The
generated precipitate was separated by centrifugation, followed by rinsing with distilled water
and ethanol. Then, the obtained product was dried in a vacuum at 60 °C overnight. Finally, 2 g
of the mixed powder of TiO2-xNy and long afterglow phosphors (Dalian Luminglight Co., Ltd.)
with a mass ratio of TiO2-xNy/(TiO2-xNy+long afterglow phosphor) = 0.4 was put into a
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zirconia pot with an internal volume of 45 cm3 with seven zirconia balls of 15 mm in diameter,
and dry milled for 20 min using a planetary ball mill (Pulverisette-7, Fritsch, Germany) at 200
rpm rotation speed under room temperature.28,34,64
2.4.2.2. Analysis
The UV–vis diffuse reflectance spectra were obtained using an UV–vis
spectrophotometer (Shimadzu, UV-2450). The time dependences of photoluminescence
spectra, and intensity were measured by a spectrofluorophotometer (Shimadzu RF-5300P).
The morphologies of persistent phosphor/TiO2-xNy composites were studied using a
transmission electron microscope (TEM, JEOL, JEM-2010). X-ray diffraction (XRD) patterns
were measured on a Bruker AXS D2 PHASER X-ray powder diffraction meter using CuKα
radiation in the range from 10º to 80º.
2.4.3 Results and discussion
Figure 2.31. Time dependences of carbon dioxide concentration during the persistent
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fluorescence assisted photocatalytic degradation of acetaldehyde by TiO2-xNy coupled with 60
mass % of (a) CaAl2O4:(Eu,Nd); (b) Sr2Mg(Si2O7):Eu; (c) Sr4Al14O25:(Eu,Dy); (d)
SrAl2O4:(Eu,Dy); (e) SrAl2O4:Eu; and (f) CaAl2O4:(Eu,Nd)/ P25.
Figure 2.32. Emission spectra of long afterglow phosphors used for coupling with TiO2-xNy to
fabricate composite photocatalysts.
The persistent fluorescence assisted photocatalytic performance of the TiO2-xNy coupled
with various long afterglow phosphors were evaluated by the acetaldehyde degradation
reaction. The time dependences of the concentration of carbon dioxide produced from the
degradation of CH3CHO with various samples are shown in Figure 2.31. The blank
experiment using CaAl2O4:(Eu,Nd)/P25 composite showed that there is no change in the
concentration of CO2 in the dark. It is an indirect proof that acetaldehyde is stable and cannot
be decomposed without photo-excitation of a catalyst. It is obvious that the amount of carbon
dioxide generated greatly varied, depending on the coupled long afterglow phosphors as
CaAl2O4:(Eu,Nd) > Sr2Mg(Si2O7):Eu > Sr4Al14O25:(Eu,Dy) > SrAl2O4:(Eu,Dy) > SrAl2O4:Eu.
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This result was thought to be related to the fluorescence wavelength generated by the
combined phosphor. Compared with other long afterglow phosphors, CaAl2O4:(Eu,Nd) shows
a shortest emission peak wavelength of 440 nm (Figure 2.32), which belongs to the emission
of 4f65d1→4f7 electronic transition of Eu2+ ions in CaAl2O4. The fluorescence with the
wavelength of 440 nm emitted from CaAl2O4:(Eu,Nd) was the most powerful light source for
photocatalytic reaction in the present systems. Another interesting phenomenon observed is
that the amount of carbon dioxide generated in the presence of composite photocatalysts
coupled with other long afterglow phosphors were higher than that of
CaAl2O4:(Eu,Nd)/TiO2-xNy in the initial stage for 60 min. The concentration of carbon dioxide
in the presence of CaAl2O4:(Eu,Nd)/TiO2-xNy increased linearly for 360 min, while those of
other samples were almost constant after 60 min. Consequently, the amount of carbon dioxide
formed by CaAl2O4:(Eu,Nd)/TiO2-xNy was much higher than those by all other composites
after 120 min. According to the decay profile of long afterglow phosphors, it was found that
the initial intensity of luminescence by CaAl2O4:(Eu,Nd) was lower than those of other
phosphors, but CaAl2O4:(Eu,Nd) showed longer fluorescence life time. This may be the
reason why the CaAl2O4:(Eu,Nd)/TiO2-xNy composite revealed excellent persistent
photocatalytic ability on acetaldehyde degradation in the darkness, since for the photocatalytic
reaction, higher intensity of irradiation light led to the higher quantum number. The longer
wavelength of persistent fluorescence is more difficult to induce photocatalytic reaction.
Therefore, the photocatalytic activity decreased with an increase in the fluorescence
wavelength.
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Figure 2.33. Relationship between the TiO2-xNy content and carbon dioxide concentration
generated after the persistent fluorescence assisted photocatalytic degradation of acetaldehyde
by CaAl2O4:(Eu,Nd)/TiO2-xNy composites for 6 h.
The influence of the mass ratio of CaAl2O4:(Eu,Nd)/TiO2-xNy on the persistent
fluorescence assisted photocatalytic degradation of acetaldehyde is shown in Figure 2.33. The
amount of generated carbon dioxide increased at first with an increase in the mass ratio of
TiO2-xNy up to 40 mass %, and then decreased. The increase in the photocatalytic performance
in the initial stage may be due to the increase in the photocatalytic activity accompanied with
increasing the amount of TiO2-xNy, while the decrease in the photocatalytic performance
above 60 mol % TiO2-xNy may be due to the decrease in the fluorescence intensity
accompanied with decreasing the amount of CaAl2O4:(Eu,Nd) phosphor. Consequently, the
composite consisted of 40 mass % of TiO2-xNy showed the best performance, which could
retain the fluorescence assisted photocatalytic activity for more than 360 min after turning off
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irradiation light to generate about 50 ppm of carbon dioxide for 360 min.
The photocatalytic oxidation of gaseous acetaldehyde by TiO2 has been proposed to
involve a carbonyl-radical-mediated chain reaction, which is mediated by hydroxyl radicals,
superoxide radicals, and/or hydrogen peroxide.91 These active species result from the trapping
of photogenerated electrons by oxygen or the trapping of photogenerated holes by H2O and
hydrated surface of TiO2. The total degradation of acetaldehyde by a TiO2 photocatalyst can
be summarized as the following two possible pathways91:
++ +→++ HCOOHCHhOHCHOCH 22 323 (2.4.1)
++ +→++ HCOhOHCHOCH 102103 223 (2.4.2)
Under a specific UV illumination, if the number of acetaldehyde molecules adsorbed on
TiO2 surface is much larger than the number of photogenerated holes on TiO2 surface, most of
the adsorbed acetaldehyde molecules will be oxidized to acetic acid (eq 2.4.1). However,
when the number of the holes photogenerated on TiO2 surface is much larger than the number
of the adsorbed acetaldehyde molecules, the proportion of mineralization of acetaldehyde to
CO2 (eq 2.4.2) might increase. Therefore, the measurement to the concentration of CO2
production can be used to determine the major process for the photodegradation of
acetaldehyde molecules by fluorescence assisted TiO2-xNy. The plot describing the increase in
the CO2 concentration produced by acetaldehyde degradation as a function of irradiation time
is shown in Figure 2.34. For the CaAl2O4:(Eu,Nd)/TiO2-xNy and P25, 1161.2 and 1149.2 ppm
of acetaldehyde were completely decomposed to form CO2 of 1642.3 and 1448.0 ppm,
respectively. On the basis of the stoichiometric ratio between acetaldehyde and CO2, we can
estimate that about 70.7 and 63 % of acetaldehyde molecules are mineralized totally to CO2
and only 29.3 and 37 % of acetaldehyde molecules are degraded to intermediates.84,92 This
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result shows that the mineralization of acetaldehyde to CO2 (i.e., eq 2.4.2) is the major
process for the degradation of gaseous acetaldehyde by TiO2-based photocatalysts.
Figure 2.34. Plots of changes in (A) CO2 and (B) acetaldehyde concentration vs irradiation
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time for decomposing acetaldehyde by fluorescence-assisted TiO2-xNy-based composite
photocatalysts consisted of the same amount of (a) CaAl2O4:(Eu,Nd), (c) Sr4Al14O25:(Eu,Dy),
(d) SrAl2O4:Eu, (e) Sr2Mg(Si2O7):Eu, or (f) SrAl2O4:Eu,Dy, respectively; (b) P25 coupled
with CaAl2O4:(Eu,Nd) and (g) blank (irradiation without photocatalyst) were also
characterized.
Figure 2.35. The convergence of CH3CHO to CO2 on different phosphor assisted TiO2-xNy
based photocatalysts consisted of the same amount of (a) CaAl2O4:(Eu,Nd), (c)
Sr4Al14O25:(Eu,Dy), (d) SrAl2O4:Eu, (e) Sr2Mg(Si2O7):Eu, or (f) SrAl2O4:Eu, Dy, respectively;
and (b) P25 coupled with CaAl2O4:(Eu,Nd).
Finally, we compared the activity of degrading gaseous acetaldehyde pollutants by
different fluorescence assisted TiO2-xNy and Degussa P25 TiO2 nanoparticules film with the
same geometric area (19.6 cm2) under solar simulator irradiation for 180 min. Figure 2.34
shows the plots of the changes in acetaldehyde and CO2 concentration for degrading different
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amount of acetaldehyde pollutants. In a typical photocatalytic reaction for 180 min, the
CaAl2O4:(Eu,Nd)/TiO2-xNy can degrade 1161.2 ppm of acetaldehyde completely, resulting in
generation of about 1642.3 ppm of CO2. In contrast, CaAl2O4:(Eu,Nd)/P25 TiO2
nanoparticulate film can only decompose 1149.2 ppm of initial acetaldehyde molecules,
resulting in generation of about 1448.0 ppm of CO2 concentration, which is 7.7 % lower than
that produced by CaAl2O4:(Eu,Nd)/TiO2-xNy (70.7 %). For other kinds of TiO2-xNy-based films,
accompanying with the degradation of 11172.9, 1276.5, 902.1, 1000.1 ppm of acetaldehyde,
about 39.3, 34.4, 41.9, 32.7 % of acetaldehyde molecules are mineralized to CO2 for
TiO2-xNy-based composites combined with Sr4Al14O25:(Eu,Dy), SrAl2O4:Eu, Sr2Mg(Si2O7):Eu,
SrAl2O4:(Eu,Dy), respectively (as shown in Figure 2.35). It is suggested that the
CaAl2O4:(Eu,Nd)/TiO2-xNy composite shows the best photocatalytic performance for the
degradation of acetaldehyde under not only fluorescence-assisted system but also simulated
solar light irradiation condition. The activities of degrading gaseous acetaldehyde pollutants
by 100 % TiO2-xNy or undoped TiO2 P25 are shown in Figure 2.36 for comparison.
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Figure 2.36. Photocatalytic activities in decomposing acetaldehyde by pure TiO2-xNy and
undoped TiO2 P25. Circle mark refers to the concentration of acetaldehyde, and solid mark
refers to that of carbon dioxide.
2.5 Conclusions for Chapter 2
2.5.1 Influence of phase structure of TiO2-xNy on the property of
TiO2-xNy-based composite photocatalyst
TiO2-xNy powders with anatase, rutile and brookite phases were successfully synthesized by
solvothermal synthesis by varying the concentration of HMT and/or reaction solvent. The
CaAl2O4:(Eu,Nd)/TiO2-xNy composite catalysts consisted of the same mass contents of
CaAl2O4:(Eu,Nd) but different crystalline phases of TiO2-xNy were prepared by soft planetary
ball milling treatment. The CaAl2O4:(Eu,Nd)/TiO2-xNy with brookite phase composite showed
a higher persistent deNOx ability than those consisted of anatase or rutile phase. This might be
related to its high crystallinity (fewer crystal defects and comparative small band gap value of
brookite phase. The CaAl2O4:(Eu,Nd)/TiO2-xNy with brookite phase composite provided
enough luminescence intensity for the photocatalytic reaction for more than 3 h after turning
off the irradiation light. A promising strategy of coupling long afterglow phosphor with visible
light responsive photocatalyst possessing a certain phase structure has been established.
2.5.2 Influence of experimental factors on the property of TiO2-xNy-based
composite photocatalyst
A simple method has been explored to synthesize a novel persistent composite photocatalyst
CaAl2O4:(Eu,Nd)/TiO2-xNy with efficient photocatalytic activity under light irradiation and
after turning off light. The energy transfer from CaAl2O4:(Eu,Nd) to TiO2-xNy after turning off
the high pressure mercury arc and/or simulated solar light irradiation was confirmed. The
luminescent persistent photocatalysis was successfully realized. This study suggests a
promising persistent active photocatalytic system by utilizing luminescent photocatalysis,
which may have profound implications on the future utilization of solar energy.
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2.5.3 Influence of Ta5+ codoping and Fe loading on the property of
TiO2-xNy-based composite photocatalyst
A novel photocatalyst CaAl2O4:(Eu,Nd)/(Ta,N)-codoped TiO2/Fe2O3, which shows the
efficient decomposition ability of NO and CH3CHO both under light irradiation and after
turning off light was successfully developed. The enhanced photocatalytic activity of
CaAl2O4:(Eu,Nd)/(Ta,N)-codoped TiO2 is attributed to the modulated band structure formed
by a hybrid conduction band of the empty (Ti 3d + Ta 5d) orbitals and a hybrid valence band
of the occupied (O 2p + N 2p) orbitals. Furthermore, the photocatalytic activity of
CaAl2O4:(Eu,Nd)/(Ta,N)-codoped TiO2 could be greatly improved by coupling with Fe2O3,
probably due to the depression of the recombination of photo-induced electrons and holes by
the heterogeneous electron transfer. The present study proves that making solid-solution
oxides is a feasible approach for developing highly visible-light-active semiconductor
photocatalysts.
2.5.4 Influence of long afterglow phosphors on CH3CHO decomposition
Fluorescence-assisted photocatalysts consisted of different kinds of long afterglow phosphors
and TiO2-xNy could degrade gaseous acetaldehyde pollutants in air even after turning off the
irradiation light. The CaAl2O4:(Eu,Nd) phosphor, which can generate the luminescence with
the shortest wavelength of 440 nm and longest emission life time was beneficial for the
gaseous photocatalytic reaction, resulting in an enhanced photocatalytic activity for complete
degradation of acetaldehyde pollutants. Increasing the amounts of both long afterglow
phosphors and TiO2-xNy could improve the degradation rate of acetaldehyde molecules.
Consequently, the 60 mass % CaAl2O4:(Eu,Nd)/40 mass % TiO2-xNy composite showed the
best performance for the photocatalytic acetaldehyde degradation.
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Chapter 3. Synthesis and property of SrTiO3-based
composite photocatalyst
Generally, the typical photocatalysis process over a semiconductor involves the absorption of
photons, band gap excitation, separation of the photoexcited electron/hole paris, and redox
reactions on the semiconductor surface. In view of efficient solar energy conversion, visible
light driven photocatalysts are important because ~43% of the whole solar energy is visible
light.1-3 Among the vast majority of metal oxide photocatalysts, perovskite-type oxide SrTiO3
is prominent for its broad diversity of properties.
However, SrTiO3 only responds to UV light due to its relatively large band gap (3.2 eV).
Doping foreign elements into SrTiO3 to create a new donor or acceptor level in the forbidden
band is known to be one of the methods for developing visible-light-driven SrTiO3. In
particular, chromium has been paid much attention. The bandgap of SrTiO3 could be narrowed
by Cr3+ doping, since Cr 3d locats above O 2p.30 On the other hand, the oxygen vacancy states
could be generated in nonstoichiometric SrTiO3, which possessed the high visible light
responsive activity.18 In addition, the utilization of oleic acid as a surfactant to prepare
modified SrTiO3 is also an efficient measurement for the development of SrTiO3 with visible
light activity.38
Furthermore, all these modified SrTiO3 with high visible light activity should be
expected to be efficient with the assistance of long afterglow phosphors. In Chapter 2, we
demonstrated the new fluorescence-assisted photocatalyst system based on nitrogen doped
TiO2. Therefore, in this chapter, the modified SrTiO3 photocatalysts with visible light activity
were used for the synthesis of fluorescence-assisted SrTiO3 composite photocatalysts. To
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study the effect, with the addition of oleic acid, Cr-doped SrTiO3, oxygen vacancy induced
SrTiO3, and Fe loaded SrTiO3 were selected and the results were discussed.
3.1 Influence of Cr3+ doping
3.1.1 Introduction
Extensive efforts have been made to study TiO2 based photocatalysts due to their wide
applications in environmental remediation and solar energy conversion. Recently, perovskite
type SrTiO3 has also attracted considerable attention due to its unique photocatalytic activity,
high stability, nontoxicity, etc. However, since either SrTiO3 or TiO2 is a wide gap
semiconductor with a band gap energy of ca. 3.2 eV, it requires UV light to generate the
photocatalytic activities, which is only 5% of the natural solar light. It is of great significance
to develop photocatalysts, which can be used under both UV irradiation (290-400 nm) and
visible light (400-700 nm) to enhance the photocatalysis efficiency1-13. One approach is to
dope TiO2 with N anion followed by coupling with CaAl2O4:(Eu,Nd). CaAl2O4:(Eu,Nd) has
characteristics of high luminescent brightness around 400-500 nm of wavelength, long
afterglow time, good chemical stability and low toxicity14,15. Doping TiO2 with N anion27
results in the visible light response (above 600 nm) and photocatalytic activity under visible
light irradiation, whereas coupling TiO2-xNy with CaAl2O4:(Eu,Nd) makes for prolonging
photocatalytic activity even after turning off the UV light irradiation16,17,25,26. One valid
question is whether this novel fluorescence assisted system of TiO2 with visible light response
modified by anion doping is unique. To clarify the above-mentioned question, the small
amount of chromium cation-doped SrTiO318 was synthesized to couple with CaAl2O4:(Eu,Nd)
in the present work. The photocatalytic activity of the CaAl2O4:(Eu,Nd)/Cr-doped SrTiO3
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composite photocatalyst under the simulated solar light irradiation was evaluated by
monitoring the degradation of NO in a continuous flowing gas system. The origin of the
visible-light response and the dependence of the photocatalytic activity on the mass ratio of
CaAl2O4:(Eu,Nd)/Cr-doped SrTiO3 composite were discussed.
3.1.2 Experimental
SrTi1-xCryO3 nanoparticles were synthesized by microwave-assisted solvothermal reactions of
SrCl2, Cr(NO3)3 and Ti(OC3H7)4 in KOH aqueous solutions at 200°C for 3 h.18 Then, the
obtained SrTi1-xCryO3 nanoparticles were mixed with desired amounts of CaAl2O4:(Eu,Nd)
powders by a planetary ball milling at 200 rpm for 20 min.
The X-ray diffraction (XRD) patterns of the samples were measured from 10 to 80
degrees 2θ using a Bruker D2 PHASER X-ray diffractometer and graphite-monochromic
CuKα radiation. The catalyst morphology was observed by using a JEOL JEM-2010
transmission electron microscope (TEM). The diffuse reflectance spectra (DRS) were
determined by diffuse reflectance measurements of powder samples (Shimadzu UV-2450).
The photoluminescence spectra and intensity were measured by a spectrofluorophotometer
(Shimadzu RF-5300P).
3.1.3 Results and discussion
Blue-fluorescence(CaAl2O4:(Eu, Nd))-assisted SrTi1-xCryO3 composite photocatalysts were
fabricated by a simple precipitation method. The mass ratios of SrTi1-xCryO3 were 0, 20, 30,
40, 50, 60, and 100 mass%.
Figure 3.1(A) displays a comparison of the photocatalytic NO destruction behaviors
of the SrTi1-xCryO3 and CaAl2O4:(Eu, Nd)/50 mass % SrTi1-xCryO3 composites under artificial
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solar light irradiation and after turning off the light. Both samples possessed excellent
photocatalytic NO destruction activity under artificial solar light irradiation. As expected, the
degree of NO destruction immediately decreased after turning off the irradiation light, but
CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 retained the NO destruction ability even after turning off the
light for more than 200 min.
Fig.3.1. (A) Photocatalytic NO destruction activity of (a) SrTi1-xCryO3 and (b)
CaAl2O4:(Eu,Nd)/50 mass % SrTi1-xCryO3 composite during artificial solar light irradiation
with light intensity of 69.7 W/m2 for 30 min, followed by turning off light; (B) effect of
SrTi1-xCryO3 content in the CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 composite on the persistent
degradation of NO (a) under light irradiation and (b) at 1 h after turning off the light.
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Fig. 3.2. Photocatalytic NO destruction activity of CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 and
CaAl2O4:(Eu,Nd)/TiO2-xNy composite during artificial solar light irradiation with light
intensity of 69.7 W/m2 for 30 min, followed by turning off light.
Fig. 3.1(B) shows the SrTi1-xCryO3 content dependent NO destruction degree of
CaAl2O4:(Eu, Nd)/SrTi1-xCryO3 under light irradiation and at 60 min after turning off the light.
The NO destruction ability under light irradiation greatly increased by the addition of a small
amount of SrTi1-xCryO3, such as 20 mass %, but did not change so much by the further
increase in SrTi1-xCryO3 content. In contrast, the prolonged NO destruction ability after
turning off the irradiation light increased at first with an increase in SrTi1-xCryO3 content up to
50 mass % and then decreased. The increase in the NO destruction ability in the initial stage
may be due to the increase in the amount of photocatalyst, and the decrease by the addition of
an excess amount of SrTi1-xCryO3 may be due to the decrease in the long afterglow phosphor
content, indicating that the optimum SrTi1-xCryO3 content is around 50 mass %. For
comparison, the performance of two recognized visible light-sensitive photocatalysts for NO
destruction, TiO2-xNy and SrTi1-xCryO3, under the same experimental conditions, are also
shown in supporting information (Fig. 3.2). It was found that SrTi1-xCryO3 showed the higher
performance than TiO2-xNy in the darkness after turning off light though the superiority is
slight. More specifically, the optimum TiO2-xNy content is ca. 40 mass %17 in this novel
fluorescence-assisted composite photocatalyst.
- 102 -
Fig.3.3. (A) XRD patterns of (a) CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 consisted of 50 wt.%
SrTi1-xCryO3, (b) pure SrTi1-xCryO3 and (c) pure CaAl2O4:(Eu,Nd), and (B) TEM images of (a)
CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 composite, (b) pure CaAl2O4:(Eu,Nd) and (c) pure
SrTi1-xCryO3.
To investigate the persistent photocatalytic deNOx mechanism of the
blue-fluorescence-assisted SrTi1-xCryO3 photocatalyst, the prepared samples were thoroughly
characterized. Fig. 3.3(A) shows the XRD patterns of the SrTi1-xCryO3 synthesized by the
microwave-assisted solvothermal reaction, the purchased CaAl2O4:(Eu,Nd) powders and
CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 composite consisted of 50 wt.% SrTi1-xCryO3 prepared by
planetary ball milling. The SrTi1-xCryO3 sample exhibited the single phase of perovskite type
SrTiO3 and no extra peak was observed, indicating that doping of Cr3+ into SrTiO3 did not
introduce any possible impurities18. The CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 composite exhibited
sharp peaks corresponding to CaAl2O4 and SrTiO3, indicating the coupling of
CaAl2O4:(Eu,Nd) and SrTi1-xCryO3.
Fig. 3.3(B) shows the transmission electron microscopy (TEM) images of the
CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 composite. As can be seen from these images, a layer of
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SrTi1-xCryO3 nanoparticles with a diameter of 25-40 nm was deposited onto the surface of the
CaAl2O4:(Eu,Nd) particles.
In addition, Fig. 3.4(A) shows the diffuse reflectance spectrum of undoped SrTi1-xCryO3
and the emission spectrum of CaAl2O4:(Eu,Nd). CaAl2O4:(Eu,Nd) emitted blue luminescent
light peaked at 440 nm in wavelength by UV light irradiation (325 nm), while SrTi1-xCryO3
showed absorption of visible light up to 700 nm, indicating a nice overlap between the diffuse
reflectance spectrum of SrTi1-xCryO3 and the emission spectrum of CaAl2O4:(Eu,Nd).
Therefore, it implied the possibility of CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 composite as the
luminescent assisted photocatalyst, which can use the long afterglow from the
CaAl2O4:(Eu,Nd) phosphor as the light source for the photocatalytic reaction. Our previous
research proved that SrTi1-xCryO3 could be induced the photocatalytic activity by such long
wavelength and weak LED light irradiation as 627 nm and 2.0 mW/cm2, respectively18. This
result also strongly implied the potential application of the composite as a luminescent
assisted photocatalyst.
Fig.3.4 (A) Overlap of the diffuse reflectance spectra and emission spectra(λex=325 nm), and
(B) emission decay curves of the CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 composites consisted of (a) 0,
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(b) 20, (c) 30, (d) 40, (e) 50, and (f) 60 mass% of SrTi1-xCryO3 after irradiation by solar light
for 30 min.
To further justify the property of blue-fluorescence-assisted SrTi1-xCryO3 composites,
photoluminescence (PL) emission spectra have been used to study the transfer behavior of the
photogenerated electrons and holes, and understand the separation and recombination of
photogenerated charge carriers. Phosphorescence from CaAl2O4:(Eu,Nd) crystals has been
considered due to the 5d-4f transition of the Eu2+ ions in the crystals. The long afterglow from
CaAl2O4:(Eu,Nd) is proposed based on hole trapping by the Nd3+ ions added as an auxiliary
activator. The holes generated by the excitation of Eu2+ were trapped by co-doped Nd3+ ions
and/or native defects. Holes trapped at Nd and/or defects are released slowly, then recombine
with electrons from the Eu2+ ions. This process is thought to be the origin of the long
persistent phosphorescence from CaAl2O4:(Eu,Nd)21,22. In order to investigate the
photoelectric properties of CaAl2O4:(Eu,Nd)/SrTi1-xCryO3, the PL spectra were detected for
the different composite samples after excitation by UV light irradiation as shown in Figure
3(A). The PL intensity greatly decreased with increasing the content of SrTi1-xCryO3 loading
on the surface of the CaAl2O4:(Eu,Nd). From the Figure 2(A), the peak wavelengths of the
phosphorescence spectra did not to vary with the SrTi1-xCryO3 content. It implies that the
crystal field of CaAl2O4:(Eu,Nd), which affects the 5d electron states of Eu2+ ions, was not
changed dramatically by the compositional variations of the CaAl2O4:(Eu,Nd)/SrTi1-xCryO3.
Fig. 3.4(B) shows the decay profiles of phosphorescence of
CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 composites contained various amounts of SrTi1-xCryO3.
Although the fluorescence intensity decreased with an increase in SrTi1-xCryO3 content, the
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fluorescence life time did not change very much. Therefore, the decrease in the fluorescence
intensity seems to be due to the absorption of the fluorescence light by SrTi1-xCryO3 particles.
Table 3.1. Afterglow intensities, amounts of absorbed afterglow, NO destruction degrees and
quantum efficiencies of CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 composites emitted fluorescence of
440 nm at 60 min after turning off the light.
Table 3.1 summarized the apparent fluorescence quantum efficiencies (QEf) of the
CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 composite consisted of different content of SrTi1-xCryO3 under
the fluorescence irradiation with the wavelength of 440 nm after turning off the artificial solar
light. The photocatalytic deNOx abilities, absorbed afterglow intensity, and fluorescence
intensity of composite samples at 60 min after turning off the light are also listed. The
apparent fluorescence quantum efficiency (QE) were calculated using the following
equation22, 23 (Eq.(3.1)), which takes into account of the deNOx abilities and average
absorption degrees of the fluorescence light (λ=440 nm).
Where FNO (µmol s-1) is the flow quantity of NO molecules in the reaction gas, αλ (%) the
deNOx ability of the photocatalyst, Pλ (µmol m-2 s-1) the light amount of the CaAl2O4:(Eu,Nd)







was reported that the QE for NO destruction by TiO2-xNy using the same flow type reactor was
less than 0.04 %, but it is clear that CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 composite possessed quite
high QE under luminescence irradiation after turning off the irradiation light, i.e., the
composites consisted of more than 40 mass.% of SrTi1-xCryO3 showed more than 0.1% of QE.
This result indicated that the luminescent light of CaAl2O4:(Eu,Nd) might be utilized
effectively, although it is very weak.
3.2 Different roles of Cr3+ doping and oxygen vacancy
3.2.1 Introduction
In order to construct a photocatalysis system for efficiently harvesting the visible light, which
occupies ~43% of the total sunlight or main part of indoor illumination, many efforts have
been expended to develop highly visible-light-active photocatalysts.5,28 On the other hand,
among the vast majority of metal oxide photocatalysts, perovskite-type oxides are prominent
in their broad diversity of properties. As a typical A2+B4+O-3 type perovskite, SrTiO3 has been
known as a photocatalyst capable of decomposing purification targets without applying an
external potential.29 However, SrTiO3 with a perovskite structure shares more structural
similarities with anatase TiO2, which possesses the band gap of 3.2 eV to respond to only UV
light.
For developing visible-light-driven photocatalysts, doping foreign elements or
generating oxygen vacancies into SrTiO3 to create a new donor or acceptor level in the
forbidden band is known to be efficient methods. In particular, chromium doping has been
paid much attention, because the occupied Cr3+ level is usually ~2.2 eV lower than the
conduction band bottom formed by Ti 3d or ~1.0 eV higher than the valence band top formed
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by O 2p.30 Besides, the gap-narrowing induced by the presence of oxygen vacancies results in
the enhanced optical activity in the visible range. The presence of a vacancy-induced band of
electronic states just below the conduction band, and the overlap between them for large
vacancy concentrations, seems to be responsible for the large photodegradation activity.9
Recently, Cr-doped SrTiO331 and nonstroichiometric SrTiO318 with oxygen vacancy and/or
defect has been successfully developed. Both of them possessed excellent visible light
inducted photocatalytic activities, which are of potential for preparing persistent fluorescence
assisted photocatalysts16,17,25,32 after coupling with CaAl2O4:(Eu,Nd) long afterglow
phosphors.
Both CaAl2O4:(Eu,Nd)/Cr-doped SrTiO3 and CaAl2O4:(Eu,Nd)/nonstroichiometric
SrTiO3 with the same mass ratio demonstrate the high activity with persistent fluorescence,
which opens the way to the use in low-cost application. However, the mechanism of the
persistent fluorescence assisted photocatalyst is not understood in details. In order to
understand the influence of the Cr-doping or oxygen vacancy generation on the transfer of the
photocarriers to the active state and the suppress of the recombination of photo-induced
electron/hole pairs, the effect of the modification on the photo-degradation process was
investigated.
3.2.2 Experimental
Non-stoichiometric SrTiO3 powders were synthesized by a microwave-assisted solvothermal
reaction using Ti(OC3H7)4 and SrCl2.6H2O as starting materials, in which the Sr/Ti atomic
ratio was adjusted to 1.67. After dissolving 1.42 g of Ti(OC3H7)4 in 5 mL of 2-propanol, a
desired amount of SrCl2.6H2O aqueous solution was slowly added with stirring, followed by
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the slow addition of 10 ml of a 2 M KOH methanol solution, 1 mL oleic acid and 1 mL water.
After that, the solution was introduced into a Teflon vessel, and then the microwave-assisted
solvothermal reaction was carried out at 200oC for 3h. After cooling, the powder products
were separated by centrifugation, washed with distilled water and acetone three times,
respectively, and dried in a vacuum at 60oC overnight.18
The Cr-doped SrTiO3 [SrTi1-xCrxO3 (x=0.005)] was prepared by a microwave-assisted
solvothermal method. 5 mL of an SrCl2.6H2O-Cr(NO3)3.9H2O aqueous solution was slowly
added into 8 mL of a Ti(OC3H7)4 2-propanol solution with continuous stirring, followed by
the slow addition of 10 ml of a 2 M KOH methanol solution, 1 mL oleic acid and 1 mL water.
After that, the solution was heated at 200oC for 3 h by an irradiation of microwave (ACTAC
Co. MWS-2, 2.45 GHz). After cooling, the powder product was separated by centrifugation,
washed with distilled water and acetone three times, respectively, then dried in a vacuum at
60oC overnight.31
The sample powders of both Cr-doped SrTiO3 and nonstroichiometric SrTiO3 were
coupled with the same mass of CaAl2O4:(Eu,Nd) powder by mild planetary ball milling with
200 rpm for 20 min.
The powder product was characterized by an X-ray diffraction analysis (XRD, Shimadzu
XD-D1) using graphite-monochromized CuKα radiation. Microstructures were observed by a
transmission electron micrograph (TEM, JEOL JEM-2010). The diffuse reflectance spectra
(DRS) were determined by diffuse reflectance measurements of powder samples (Shimadzu
UV-2450). The specific surface areas were determined by the amount of nitrogen adsorptions
at 77 K (Quantachrome NOVA 4200e) using the Brunauer-Emmett-Teller (BET) method.
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3.2.3 Results and discussion
Figure 3.5. Photocatalytic NO destruction activity of the SrTiO3 samples under various LED
lamp irradiations. (a) Cr-doped SrTiO3; (b) Nonstoichiometric SrTiO3.
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Figure 3.6. (A) Photocatalytic NO destruction activity of the P25 TiO2 and SrTiO3 (Sr/Ti=1);
(B) DeNOx abilities of the CaAl2O4:(Eu,Nd) consisted of Cr-doped SrTiO3 or SrTiO3 (Sr/Ti=1
or 1.67) under irradiation with the wavelength of 290 nm for 30 min followed by turning off
light and keeping in dark for 3 hours; (C) Time dependent photocatalytic deNOx abilities of
SrTiO3 samples under irradiation with blue LED light with wavelength of 445 nm but various
intensity.
Figure 3.5 shows the photocatalytic activities of the SrTiO3 samples for the oxidative
destruction of NO under irradiation of LED lights of various wavelengths. P25 TiO2 was
utilized as a standard photocatalyst, which consisted of 70% anatase and 30% rutile mixture
phase. The visible light responsive activity of P25 (shown in Fig. 3.6) might be related to the
impurity level caused by the residual impurity, such as Cl, etc.33,34 Both of the two SrTiO3
samples showed the photocatalytic activity under irradiation of LED lights, while the
Cr-doped SrTiO3 showed the higher activity under irradiation of longer wavelength light, such
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as 627 and 530 nm. The new donor level formed by doping with Cr might result in the
generation of visible light responsive photocatalytic activity. On the other hand, SrTiO3
(Sr/Ti=1.67) showed excellent deNOx activity under the irradiation of LED lights of shorter
wavelength, such as 445 nm and 390 nm. The visible light induced photocatalytic deNOx
ability of nonstoichiometric SrTiO3 (Sr/Ti=1.67) might be owing to the formation of oxygen
vacancies.
After coupling with CaAl2O4:(Eu,Nd), both SrTiO3 showed excellent photocatalytic
deNOx ability. The nonstoichiometric SrTiO3 held the superiority in the deNOx ability under
irradiation of UV light of 290 nm. However, this superiority disappeared immediately after
turning off the irradiation lamp. As shown in Figure 3.7(A), the deNOx ability of
CaAl2O4:(Eu,Nd)/Cr-doped SrTiO3 composite decreased much more slowly after turning off
the irradiation lamp, ca. 8.2 % of deNOx ability was retained at 180 min after turning off the
UV light due to the generation of persistence fluorescence (440 nm) from the CaAl2O4:(Eu,Nd)
long afterglow phosphor. In contrast, the CaAl2O4:(Eu,Nd)/ nonstoichiometric SrTiO3
composite possessed only 3.6% of persistent fluorescence assisted photocatalytic deNOx
ability. It is suggested that the deNOx activity of the Cr-doped SrTiO3 and nonstoichiometric
SrTiO3 showed different irradiation light intensity dependence, as shown in Figure 3.7(B). To
explain the alteration in the superiority of blue visible light induced photocatalytic deNOx
ability, different irradiation sources were utilized. Some other characterization, such as XRD
and BET were carried out, and the results are shown in the following figures.
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Figure 3.8. XRD patterns of the SrTiO3 samples.
Figure 3.9. Specific surface areas of the SrTiO3 samples.
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Figure 3.10. (A) DeNOx abilities of the CaAl2O4:(Eu,Nd)/Cr-doped SrTiO3 and
CaAl2O4:(Eu,Nd)/nonstroichiometric SrTiO3 composites both under irradiation of UV light
with the wavelength of 290 nm for 30 min and after turning off light for 180 min; (B)
irradiation light intensity dependence of the photocatalytic deNOx activities of SrTiO3 samples
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under blue LED lamp irradiation with the wavelength of 445 nm. The irradiation light
intensity was adjusted by changing the distance between the light source (445nm) and the
sample’s surface.
Figure 3.11. (A) DRS spectra and (B) Kubelka-Munk plots of the samples.
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Figure 10(A) shows the diffuse reflectance spectra of the Cr-doped SrTiO3 and
nonstoichiometric SrTiO3 samples. It can be seen that both samples showed the visible light
absorption (400-600 nm) as well as UV light absorption (< 400 nm), and the absorption edge
of Cr-doped SrTiO3 showed red-shift compared to that of nonstoichiometric SrTiO3
(Sr/Ti=1.67). The order of absorption in the range of 400-500 nm was Cr-doped SrTiO3 >
nonstoichiometric SrTiO3, indicating that the Cr-doped SrTiO3 possesses the absorption
ability of the visible light of 400-500 nm superior to nonstoichiometric SrTiO3. From the
Kubelka-Munk plots of both samples, the band gap energies of the samples were determined
as 3.07 eV and 2.15 eV for Cr-doped SrTiO3, and 3.20 eV and 1.88 eV for nonstoichiometric
SrTiO3. The smaller band gap might be generated by doping with Cr ion and forming oxygen
vacancy.
Figure 3.12. Emission decay profiles of CaAl2O4:(Eu,Nd)/SrTiO3 composite samples.
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Table 3.2. Apparent quantum efficiencies of the SrTiO3 samples under irradiation of mercury
arc of the wavelength larger than 290 nm, LED lamp of 445 nm and persistent fluorescence
light of 440 nm emitted from CaAl2O4:(Eu,Nd).
Using various irradiation sources with different wavelengths, the degrees of NO
destruction were measured and the apparent quantum efficiencies were estimated on the basis
of the number of incident photons, according to the photooxidation process of NO proposed
by Anpo.20 The apparent fluorescence quantum efficiency(QE) was calculated using the
following equation (eqn (3.2) or (3.3)):








FNO = (200×10-3 L÷60 s)×10-6÷22.4 L mol-1 = 1.488×10-4 μmol s-1 (NO, 1 ppm, 200
ml/min)
P1 = 76.22 μmol m-2 s-1 (Light intensity of blue LED (445 nm))23 or
P1= 1150.6 μmol m-2 s-1 (Light intensity of mercury arc (>290 nm))24
λα is deNOx ability of photocatalyst under irradiation.
S = 3.2×10-4 m2
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Aλ is the absorption ability to the LED light with the wavelength of 445 nm or high pressure
mercury arc with the wavelength of larger than 290 nm.















π (J s-1 m-2) (3.4)







=440 ≈0.27×106 (J mol-1) (3.5)








2 = (μmol m-2 s-1) (3.6)
As shown in Table 3.2, the light source dependence of quantum efficiency is essentially
consistent with the deNOx ability. It is worthy to note that the quantum efficiency of Cr-doped
SrTiO3 under irradiation of luminescent light of λ= 440 nm (0.71 %) was 2.3 times higher
than that of nonstoichiometric SrTiO3 (Sr/Ti=1.67) (0.30 %), though the quantum efficiency of
Cr-doped SrTiO3 was much lower than that of nonstoichiometric SrTiO3 (Sr/Ti=1.67) under
irradiation of the higher intensity lights of both λ= 440 and > 290 nm. Above results
suggested that photocatalytic reactions under different irradiation intensities, but the same
wavelength had the different kinetic processes.
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Figure 3.13. Schematic band structures of (a) Cr-doped SrTiO3, and (b) nonstoichiometric
SrTiO3 (Sr/Ti=1.67).
Previous calculations on the electronic structure of SrTiO311,35-37 suggest that the valence
band top is made predominately of the O 2p states, and the conduction band bottom is
determined by the Ti 3d states. Doping Cr cations at either the Sr2+ site or the Ti4+ site in
SrTiO3 will certainly change the electronic structures. For Cr-doped SrTiO3 [SrTi1-xCrxO3
(x=0.005)], its valence band bottom is lifted up by the occupied Cr3+ level, while the original
conduction band bottom of SrTiO3 determined by Ti 3d is not affected,29,31 in which the
occupied Cr3+ level has calculated to be ~2.2 eV lower than the conduction band bottom
formed by Ti 3d or ~1.0 eV higher than the valence band top formed by O 2p. According to
the band gap energies determined by Figure 3.11B, the band structure of the Cr-doped SrTiO3
may be written as Figure 3.13(a). This is similar to the case of Cr-doped TiO2.30 Therefore,
Cr-doped SrTiO3 shows an absorption around 400-500 nm as shown in Figure 3.11A owing to
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the charge transfer from Cr3+ to Ti4+. In addition, our previous investigation suggested that a
small amount of oxygen vacancies exist in Cr-doped SrTiO3 [SrTi1-xCrxO3−δ (x=0.005)].31
Combined action of Cr3+ doping and oxygen vacancies resulted in the generation of the
narrowed band gap of Cr-doped SrTiO3. On the other hand, based on the band gap value
calculated from Figure 3.11B, the band structure model for the nonstoichiometric SrTiO3 with
oxygen vacancies was constructed, as shown in Figure 3.13(b). The oxygen vacancy states in
SrTiO3 were determined to be located 1.86 eV above the valence band. This bandgap energy
corresponds to a wavelength of 668 nm, which is longer than that needed to produce singlet
oxygen (1O2) (634 nm).23 By preparing nonstoichiometric SrTiO3, oxygen vacancies are
created, and the oxygen vacancy states between the valence band and conduction band are
newly formed within the SrTiO3 band structure. It is worth mentioning that the new oxygen
vacancy states also act as the photo-generated electrons/holes recombination center. The
oxygen vacancy states take part in a new photo-excitation process. That is, the electron may
be excited to the oxygen vacancy states from the valence band even with the energy of visible
light.9,18
When irradiation intensity is strong enough, the electrons are excited to the oxygen
vacancy state or the holes formed in the valence band, which was so active that dramatically
recovered the loss in energy caused by photogenerated electrons and holes recombination, and
results in higher activity in the oxidation process of NO to NO3-. This superiority in NO
removal of SrTiO3 (Sr/Ti=1.67) was held under LED light (445 nm, Figure3.5) and mercury
arc (>290 nm, Figure 3.10A) irradiation, though Cr-doped SrTiO3 possessed higher absorption
ability of light from 200 to 500 nm (Figure 3.11A). However, under low irradiation intensity,
foreign electrons excited from Cr3+ played a fatal role in the reaction with O2 or oxygen
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species and produce the reactive oxygen species such as O- or atomic oxygen. Therefore,
Cr-doped SrTiO3 showed the better photocatalytic deNOx ability under persistent fluorescence
(440 nm) and/or weak light irradiation (Figure 3.10A). While, the energy loss by the
recombination of photoinduced electrons/holes could not be ignored under low irradiation
intensity. This is why the nonstoichiometric SrTiO3 (Sr.Ti = 1.67) showed lower
photocatalytic activity than Cr-doped SrTiO3 under weak light irradiation. While the foreign
electrons in Cr doped SrTiO3 could be excited by low photoenergy was limited, and could not
be increased efficiently with the growth of irradiation intensity. This restriction led to the
relatively low deNOx ability of Cr-doped SrTiO3 under irradiation with high intensity.
3.3 Influence of Fe2O3 deposition
3.3.1 Introduction
SrTiO3 is one of the most widely used photocatalyst.40-42 In spite of the advantages of SrTiO3
in terms of availability, low toxicity and stability under operation condition, it is far from
being a perfect photocatalyst, i.e., there is still room for efficiency improvement in most
photocatalytic processes using UV light and also to introduce visible light photoactivity in
SrTiO3. Doping with metals, particularly noble metals, nonmetallic elements, or organic
species sensitization has been widely used to overcome the lack of visible light response of
SrTiO3.10,11,29,43,44 In this regard, one alternative that is attracting increasing interest to affect
the photosensitization of SrTiO3 is the use of metal oxide particles deposited onto the surface
of SrTiO3 to form the composite, such as SrTiO3/Fe2O3. Fe2O3 is a metal oxide that does not
undergo corrosion under photocatalytic conditions. It can be strongly anchored to the surface
of SrTiO3, and exhibits a characteristic surface heterojunction band in the visible region due to
the efficient separation of photogenerated electrons and holes.45,46
Besides, our previous work revealed that the visible light sensitive N-doped TiO2 could
effectively use long afterglow fluorescences for the photocatalytic reactions.16,17,25,32 The
fluorescence assisted N-doped TiO2 possessed excellent photocatalytic activity not only under
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visible light irradiation but also in the dark after removal of light source. Since SrTiO3 showed
visible light responsive ability after deposition of Fe2O3, it was also expected to win the high
efficient fluorescence assisted photocatalytic activity.
Based on the above concept, synthesis of high-activity SrTiO3 photocatalyst through an
environmentally friendly and efficient process was attempted in this study. The microwave
assisted hydrothermal method shows a rapid heating rate, molecular homogeneity and
selective heating of reaction solutions in comparison with the conventional hydrothermal
method. As a result, the reaction time could be reduced by several orders of magnitude, and
consequently, higher energy efficiency could be achieved.47
3.3.2 Experimental
SrTiO3 powders were synthesized by microwave-assisted solvothermal reactions using
Ti(OC3H7)4 and SrCl2.6H2O as starting materials with the molar ratio of 1.0. After dissolving
1.42 g of Ti(OC3H7)4 in 5 mL of 2-propanol, SrCl2.6H2O aqueous solution and 10 mL of 2 M
KOH aqueous solution were slowly added under stirring.18 The solution was introduced into a
Teflon vessel, and then the microwave-assisted solvothermal reaction was carried out at
200oC for 30 min. After cooling, FeCl2.4H2O was added into the reaction solution, and the
hydrothermal reaction was repeated again at 200oC for 30 min to form SrTiO3/Fe2O3. It was
revealed that Fe2O3 can be precipitated under present condition by a previous parallel
experiment.48 The powder products were separated by centrifugation, washed with distilled
water and acetone three times, respectively, and dried in a vacuum at 60oC overnight. For
comparison, Fe loaded SrTiO3 particles were also synthesized by the conventional
hydrothermal method with the same condition. Finally, SrTiO3 nanoparticles with the addition
of 0.5 mol.% Fe synthesized by the microwave-assisted solvothermal method were chosen to
couple with the same amount of CaAl2O4:(Eu,Nd) powders via planetary ball milling at 200
rpm for 20 min.16,17,25,32
The powder product was characterized by X-ray diffraction analysis (XRD, Bruker D2
PHASER) using graphite-monochromized CuKα radiation. Lattice constant was determined
using Si as an internal standard. Microstructures were observed by transmission electron
microscopy (TEM, JEOL JEM-2010). The chemical compositions were analyzed by energy
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dispersive X-ray spectrometry (EDX, EDX-800HS) using high precision standard curve
method. The diffuse reflectance spectra (DRS) were determined by diffuse reflectance
measurements of powder samples (Shimadzu UV-2450). The specific surface areas were
determined by the amount of nitrogen adsorptions at 77 K (Quantachrome NOVA 4200e)
using the Brunauer-Emmett-Teller (BET) method.
3.3.3 Results and discussion
The Fe contents in the prepared samples analyzed by EDX analysis are summarized in Table
3.3. The Fe content in the product increased with an increase in the amount of added Fe in the
staring solution, although the values were slightly less than the quantity added, probably due
to the loss of Fe during the centrifugation-washing process of the products.48 The specific
surface areas (S.S.A.) of all the Fe loaded SrTiO3 samples determined by BET measurements
are also listed in Table 1. The S.S.A. of SrTiO3 without Fe deposition was ca. 40 m2/g, and did
not change very much with the addition of Fe by the microwave-assisted or conventional
hydrothermal method.
Table 3.3. Fe contents detected by EDX analysis and specific surface areas of Fe loaded
SrTiO3 samples prepared by the microwave assisted solvothermal reactions and conventional
ones.
The XRD patterns of the SrTiO3 samples before and after Fe2O3 loading prepared by the
microwave-assisted and conventional hydrothermal method are shown in Fig. 3.14(A) and (B),
respectively. The samples prepared by both methods consisted of single phase of perovskite
type SrTiO3 and no extra peak was observed. Although no diffraction peak corresponding to
Fe2O3 was observed after Fe loading, it was revealed that Fe2O3 was precipitated under
present conditions by a previous parallel experiment.48 The peak intensity of the SrTiO3
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before Fe addition prepared by the conventional hydrothermal reaction was weaker than that
of the microwave assisted one, indicating that the crystallization rate of SrTiO3 by the
conventional hydrothermal reaction is slower than that of microwave assisted one.
The TEM images of the samples are shown in Fig. 3.15. It is observed that the SrTiO3
consisted of mainly candy-like nanoparticles with the diameter ca. 50 nm. The Fe2O3 loaded
samples prepared by both methods showed very similar morphology to SrTiO3, indicating that
Fe loading did not show any influence on the morphology, and the subsequently formed Fe2O3
possessed very small crystallite size and were well dispersed on SrTiO3 particles.
Figure 3.14. XRD patterns of the SrTiO3 samples prepared by (A) microwave-assisted and (B)
conventional hydrothermal method before and after adding 1.0 mol.% Fe.
Figure 3.15. TEM images of the SrTiO3 samples prepared by (a,c) microwave-assisted and
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(b,d) conventional hydrothermal method for (a,b) 30 min and (c,d) another 30 min after 1.0
mol.% Fe addition.
Figure 3.16. (A) Diffuse reflectance spectra of SrTiO3 loaded with various amount of Fe2O3
by the microwave-assisted solvothermal method, and (B) emission spectra and decay curves
of CaAl2O4:(Eu,Nd) loaded with γ-Al2O3 and SrTiO3 with 0.5 mol.% Fe2O3 after black lamp
irradiation for 30 min.
Figure 3.17. Schematic illustration for visible light induced interfacial charge transfer from
the valence band of SrTiO3 to the Fe2O3 clusters in SrTiO3/Fe2O3 system proposed as the
mechanism for photocatalytic deNOx reaction.
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By introducing Fe2O3 into SrTiO3, the color of the samples gradually changed from
white to light gray and then dark gray. As shown in Fig. 3.16A, compared with that of pure
SrTiO3, all Fe2O3 loaded SrTiO3 nanoparticles showed enhanced absorption in the visible light
region, and this enhancement increases with an increase in Fe content. It should be noted that
Fe2O3 has an absorption edge at ca. 540 nm (ca. 2.3 eV band gap).48 Recently, it was reported
that the transition metal ion grafted TiO2 showed visible light responsive photocatalytic
activity due to the interfacial charge transfer mechanism.49,50 Similar mechanism may be
considered in SrTiO3/Fe2O3 system. Schematic illustration for visible light induced interfacial
charge transfer from the valence band of SrTiO3 to the Fe2O3 clusters in SrTiO3/Fe2O3 system
is shown in Fig. 3.17, which shows the redox potentials of SrTiO3 and Fe2O3 clusters versus
the standard hydrogen electrode potential (SHE). The appropriate alternation in the energy
levels of the conduction and valence band edges allow Fe2O3 nanocluster to act as sensitizers
for visible light SrTiO3 photocatalysis. The interfacial charge transfer from the valence band
(VB) of SrTiO3 to Fe2O3 results in the enhanced absorption from ~ 350 to 450 nm.49,50 The
transferred electrons from the VB of SrTiO3 to Fe2O3 cause the partial reduction of Fe2O3 to
FeO as well as holes in the VB of SrTiO3. The holes produced in the VB of SrTiO3
decompose the pollutant target NO. Meanwhile, the Fe2+ produced by electron transfer is
likely to reduce adsorbed O2 through multielectron reduction.49 Consequently, this interfacial
charge transfer will retard the recombination of photoinduced electrons and holes due to space
separation and lead to photocatalytic reaction.
Figure 3.16B shows the emission spectra and decay profiles of CaAl2O4:(Eu,Nd),
CaAl2O4:(Eu,Nd)/γ-Al2O3 and CaAl2O4:(Eu,Nd)/(SrTiO3/0.5 mol.% Fe2O3) composites. All
samples showed an emission spectrum peaked at 440 nm attributed to the typical 4f65d1-4f7
transition of Eu2+.51 The intensity of the emission from the CaAl2O4:(Eu,Nd) slightly
decreased by coupling with γ-Al2O3, but greatly decreased by coupling with SrTiO3/Fe2O3.
The decrease by coupling with γ-Al2O3 may be due to the decrease in the amount of
CaAl2O4:(Eu,Nd) in the composites. On the other hand, the large decrease of the emission
intensity by coupling with SrTiO3/Fe2O3 may be mainly due to the absorption of both UV
light to excite the CaAl2O4:(Eu,Nd) phosphor and luminescence light from the
CaAl2O4:(Eu,Nd) by SrTiO3/Fe2O3.
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Figure 3.18. Photocatalytic NO destruction activities of the SrTiO3 loaded with various
amounts of Fe2O3 by (A) the microwave-assisted solvothermal reaction and (B) conventional
one.
The photocatalytic activities of various samples for the oxidative decomposition of NO
gas are shown in Fig. 3.18. The SrTiO3 without Fe2O3 loading showed low activity under
visible light irradiation with the wavelength of longer than 510 nm due to the large band gap
energy. The activity, especially the visible light driven activity, of the samples increased at
first and then decreased with an increase in the Fe2O3 content, as shown in Fig. 3.18. The
optimal content of Fe2O3 in SrTiO3 by the microwave-assisted solvothermal method and
conventional one were 0.50 or 0.75 at.%, respectively. The differences in the optimal Fe2O3
content might be attributed to the difference in the crystallization rate and dispersion state of
Fe2O3 particles.
Previously, we reported that the brookite phase nitrogen-doped TiO2 and Cr-doped
SrTiO3 possessed the visible light responsive photocatalytic activity, and showed high
photocatalytic deNOx ability not only under light irradiation but also in the dark with
fluorescence assistance.16,17,25,32 Since the visible light driven photocatalytic activity of SrTiO3
was improved greatly by the deposition of Fe2O3, the composite is expected to utilize the
fluorescence from the long afterglow phosphor, such as CaAl2O4:(Eu,Nd). SrTiO3/Fe2O3
consisted of 0.5 mol.% Fe synthesized by the microwave-assisted solvothermal method was
coupled with the same amount of CaAl2O4:(Eu,Nd) to prepare the fluorescence assisted
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photocatalyst, and the unique fluorescence-assisted photocatalytic activity was investigated.
Figure 3.19. Photocatalytic deNOx performances of (a) SrTiO3/Fe2O3 and (b) SrTiO3
composites consisted of 50 wt.% of CaAl2O4:(Eu,Nd) during the UV light irradiation (λ>290
nm) for 30 min and after turning off the light for 160 min.
Figure 3.19 displays the photocatalytic deNOx performances of
CaAl2O4:(Eu,Nd)/(SrTiO3/Fe2O3) and CaAl2O4:(Eu,Nd)/SrTiO3 composites under the UV
light irradiation (λ>290 nm) and after turning off the light. Both samples possessed excellent
photocatalytic NO destruction activity under irradiation. As expected, the degree of NO
destruction by CaAl2O4:(Eu,Nd)/SrTiO3 immediately decreased after turning off light, since
the SrTiO3 sample cannot absorb the fluorescence from the CaAl2O4:(Eu,Nd). In contrast,
CaAl2O4:(Eu,Nd)/(SrTiO3/Fe2O3) retained the NO destruction ability even after turning off the
light for more than 160 min, indicating the fluorescence light assisted photocatalytic activity
of SrTiO3/Fe2O3 composite.
Table 3.4. DeNOx abilities and apparent quantum efficiencies of the SrTiO3/Fe2O3, SrTiO3,
Cr-doped SrTiO3, TiO2-xNy and P25 samples coupled with CaAl2O4:(Eu,Nd) under irradiation
with the wavelength longer than 290 nm and at 100 min in the dark after turning off the light.
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(SrTiO3/Fe2O3 and SrTiO3 were coupled with 50 wt.% of CaAl2O4:(Eu,Nd) and TiO2-xNy and
P25 were coupled with 60 wt.% CaAl2O4:(Eu,Nd))16,17,25,32
For comparison, the DeNOx abilities and apparent quantum efficiencies (QEa) of the
SrTiO3/Fe2O3, SrTiO3, Cr-doped SrTiO3, TiO2-xNy and P25 samples coupled with
CaAl2O4:(Eu,Nd) under irradiation with the wavelength longer than 290 nm and at 100 min in
the dark after turning off the light are summarized in Table 3.4, where the SrTiO3/Fe2O3 and
SrTiO3 were coupled with 50 wt.% of CaAl2O4:(Eu,Nd) and TiO2-xNy and P25 were coupled
with 60 wt.% CaAl2O4:(Eu,Nd)).16,17,25,32 The degree of NO destruction by
CaAl2O4:(Eu,Nd)/P25 disappeared after turning off the light, similarly to that of
CaAl2O4:(Eu,Nd)/SrTiO3, due to the large band gap energy of P25. After Cr3+ doping or Fe2O3
deposition, SrTiO3 could use fluorescence energy for photocatalytic reaction efficiently like
TiO2-xNy in CaAl2O4:(Eu,Nd)/TiO2-xNy. The QEa was calculated according to Eq. (3.7)













where FNO (µmol s-1) is the flow quantity of NO molecules in the reaction gas, αλ (%) the
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deNOx ability of the photocatalyst, P1 (µmol m-2 s-1) the light quantity of mercury arc with the
wavelength of longer than 290 nm irradiated to the sample, Aλ the absorption ability of the
light with the wavelength of longer than 290 nm, P2 (µmol m-2s-1) the absorbed fluorescence
light amount which generated from CaAl2O4:(Eu,Nd), S (m2) the irradiated area of the sample
(S=1.28 × 10-3 m2), and the decline amount of fluorescence intensity between composite and
pure CaAl2O4:(Eu,Nd) is regarded as the absorbed fluorescence light amount, since the
fluoresce intensity did not vary very much with the content of CaAl2O4:(Eu,Nd) (Fig. 3.16B).
It is clear that the CaAl2O4:(Eu,Nd) composites with SrTiO3/Fe2O3, Cr-doped SrTiO3, and
TiO2-xNy possessed high QEa after turning off the light, due to the high ability of visible light
absorption. It is also observed that the QEa after turning off the light was much higher than
that under irradiation of mercury arc, indicating that the weak fluorescence light from
CaAl2O4:(Eu,Nd) could be utilized more effectively than that under irradiation of an excess
amount of light. This result also well agreed with those in a pervious work.16,17,25,32 In addition,
as shown in Fig. 3.17, the separation of photogenerated electron-hole pairs might be improved
after loading Fe2O3 on the surface of SrTiO3. All results suggested that Fe2O3 deposition on
SrTiO3 may be an efficient modification of SrTiO3 to get visible light responsive
photocatalytic activity like Cr-doped SrTiO3, nitrogen-doped TiO2, etc.
3.4 Conclusions for Chapter 3
3.4.1 Influence of Cr3+ doping
Herein, we demonstrate a facile and general fabrication of perovskite type SrTiO3 with high
visible light response and stable deNOx ability under fluorescence assisting. Furthermore,
studies of their photocatalytic performance have clearly revealed that the
CaAl2O4:(Eu,Nd)/SrTi1-xCryO3 exhibits excellent and unique photocatalytic properties for the
novel fluorescence-assisted persistent degradation of NO gas. This new fluorescence-assisted
photocatalyst provides the rational design of fluorescence-assisted composite photocatalysts.
3.4.2 Different roles of Cr3+ doping and oxygen vacancy
The photophysical and photocatalytic properties of Cr-doped SrTiO3 and nonstoichiometric
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SrTiO3 (Sr/Ti=1.67) were investigated systematically. Extremely different photocatalytic
activities for NO removal were observed over Cr-doped SrTiO3 and nonstoichiometric SrTiO3
(Sr/Ti=1.67) because of the different roles of modification of the band structure in these two
materials. Under irradiation of high-intensity light, the oxygen vacancy states showed
superiority in the enhancement of photocatalytic deNOx ability. However, the foreign
electrons excited from doping state resulted in the efficient decomposition of NO with
irradiation of low-intensity light.
3.4.3 Influence of Fe2O3 deposition
The photophysical and photocatalytic properties of Fe-loaded SrTiO3 and CaAl2O4:(Eu,Nd)/
(SrTiO3/Fe2O3) were investigated systematically. The visible light responsive photocatalytic
ability of SrTiO3 was generated by Fe2O3 loading. The excellent photocatalytic performance
of the CaAl2O4:(Eu,Nd)/(SrTiO3/Fe2O3) composite may be due to the interfacial charge
transfer from the valence band (VB) of SrTiO3 to Fe2O3 to enable the visible light absorption.
Thus, the continuously flowing NO could be efficiently degraded by the CaAl2O4:(Eu,
Nd)/(SrTiO3/Fe2O3) composite not only under mercury arc irradiation but also in the dark with
the assistance of CaAl2O4:(Eu,Nd).
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Chapter 4. Synthesis and characteristics of
Ag3PO4-based composite photocatalyst
4.1 Green Fluorescence-Assisted Decomposition of Rhodamine B
Dye by Ag3PO4
4.1.1 Introduction
It is known that the photolysis of organic contaminant using semiconductors involves
photogenerated electrons and holes migrating to the surface of the semiconductor and serving
as redox sources, which react with adsorbed organic contaminant, leading to the
decomposition of waste-water.1 Recently, it has been reported that the Ag3PO4 semiconductor
exhibits extremely high photooxidative capabilities for organic dye decomposition under
visible-light irradiation.1,2 Many investigations about Ag+ or PO43- species for photocatalytic
reaction have been developed,3,7 however, the Ag3PO4 photocatalyst has not been practically
used.
On the other hand, the long-lasting fluorescence, which persists long time after the
removal of the excitation light source, is an interesting phenomenon.8,9 Herein, we developed
a facile fabrication method of Ag3PO4 semiconductor coupled with Sr4Al14O25:(Eu,Dy) long
afterglow phosphor. Furthermore, the studies of its photocatalytic performance have clearly
revealed that the Ag3PO4/Sr4Al14O25:(Eu,Dy) composites exhibit superior photocatalytic
properties to unsupported Ag3PO4 for the degradation of organic contaminants after turning
off the irradiation light. The result suggests that the Sr4Al14O25:(Eu,Dy)/Ag3PO4 composite,
which is excited by an irradiated light can emit a long-lasting fluorescence, which
contributes to the persistent photocatalytic activity of the composite after turning off the
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irradiation light.
Our pervious works have revealed that the long afterglow phosphor assisted
photocatalyst can efficiently decompose pollutants, such as acetaldehyde or continuous
flowing nitrogen monoxide, even after turning off the irradiation light.10-15 Here, the present
work reports for the first time the Sr4Al14O25:(Eu,Dy) assisted Ag3PO4 exhibits excellent
performance on waste-water cleaning. A promising strategy for the full-time waste-water
purification might be established.
4.1.2 Experimental
4.1.2.1 Synthesis
Scheme 4.1. Schematic illustration of the synthesis process of the Ag3PO4 based
photocatalysts with different routes.
The rhombic dodecahedral Ag3PO4 crystals were prepared by a simple precipitation
process.2 In a typical synthesis, after dispersing a desired amount of purchased
Sr4Al14O25:(Eu,Dy) powders in CH3COOAg aqueous solution (0.004 M, 300 ml) (shown in
Scheme 4.1A), Na2HPO4 aqueous solution (0.15 M) was added drop by drop to form dark
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yellow precipitations, where the solution pH was slightly changed from 6.1 to 6.4. After that,
the obtained samples were collected by centrifugation, followed by repeated washing with
water to remove the adsorbed CH3COO-, and dried in air. The Sr4Al14O25:(Eu,Dy)/Ag3PO4
composites were also prepared by mixing synthesized Ag3PO4 with Sr4Al14O25:(Eu,Dy)
powders using an agate mortar (shown in Scheme 4.1B).
4.1.2.2 Characterization
The X-ray diffraction (XRD) patterns of the catalysts were measured from 10 to 80 degrees of
2θ using a Bruker D2 PHASER X-ray diffractometer and graphite-monochromic CuKα
radiation. The catalyst morphology was observed by using a JEOL JEM-2010 transmission
electron microscope (TEM) and a Hitachi S-4800 field-emission scanning electron
microscope (SEM). The diffuse reflectance spectra (DRS) were determined by diffuse
reflectance measurements of powder samples (Shimadzu UV-2450). The specific surface
areas were determined by the amount of nitrogen adsorptions at 77 K (Quantachrome NOVA
4200e) using the Brunauer-Emmett-Teller (BET) method. The photoluminescence spectra and
intensity were measured by a spectrofluorophotometer (Jasco FP-8500). A Malvern
Instruments Zatasizer Nano-ZS analyzer was used to measure the zeta potential.
4.1.3 Results and discussion
The Sr4Al14O25:(Eu,Dy) long afterglow phosphor has been used as the fluorescence assistance
because of its stability in aqueous solution for long time as shown in Figure 4.1. Furthermore,
Ag3PO4, micrometer-size particles with a specific surface area of 37.3 m2/g (Figure 4.2B),
was obtained by a simple precipitation process. The XRD patterns (Figure 4.2A) clearly show
that all of the diffraction peaks of the Ag3PO4 samples could be indexed to the body-centered
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cubic structure of Ag3PO4 (JCPDS no. 06-0505). It is suggested that no obvious changes
appear in Ag3PO4 after irradiation by a black lamp for 30 min.
Figure 4.1. (A) XRD patterns of Sr4Al14O25:(Eu,Dy) before and after dispersed in H2O (1g/L)
for 10 h. (B) Emission spectra. (C) Decay profiles of emission intensity. (D) SEM images.
Figure 4.2. (A) XRD patterns of Ag3PO4 (a) before and (b) after irradiation by a black lamp
for 30 min. (B) SEM image and specific surface area of Ag3PO4.
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Figure 4.3. (A) DRS spectra of (a) P25, (b) Sr4Al14O25:(Eu,Dy), (c) Ag3PO4, and
Sr4Al14O25:(Eu,Dy)/Ag3PO4 composite samples with different mass ratio of (d) 9:1, (e) 7:3, (f)
1:1, (g) 3:7, (h) 1:9. (B) Kubelka-Munk plots of the samples. [ νhRF )( ∞ ] represents the
Kubelka-Munk function multiplied by the photon energy. ( F(R∞)=(1-R)2/2R, R: Reflectance)
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The UV-vis diffuse reflectance spectra (Figure 4.3) revealed that the absorption edge of
the pure Ag3PO4 was around 500 nm, suggesting the possibility to absorb the long afterglow
fluorescence from Sr4Al14O25:(Eu,Dy) peaked around the wavelength of 490 nm. All Ag3PO4
based samples showed quite low reflectance in the visible light range over 800 nm, indicating
the coexistence of Ag, although no XRD peak corresponding to Ag was observed. It can be
seen that the Sr4Al14O25:(Eu,Dy)/Ag3PO4 composites show lower visible light reflectance than
pure Ag3PO4, although the reason is not clear at the moment.
Figure 4.4. DeNOx ability of Ag3PO4, P25 and Sr4Al14O25:(Eu, Dy) under irradiation with
different wavelengths.
The photocatalytic activity of Ag3PO4 was evaluated for the oxidative destruction of NO.
Figure 4.4 shows the photocatalytic NO degradation ability of Ag3PO4 powders under
irradiation with different wavelengths. For comparison, the standard titania photocatalyst (P25)
and Sr4Al14O25:(Eu,Dy) phosphor were also characterized. Nearly 40% of NO could be
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destructed under irradiation of mercury arc with the wavelength of larger than 400 nm in the
presence of Ag3PO4. It can be seen that although P25 also showed the similar photocatalytic
activity under UV light irradiation, the activity under irradiation of visible light (λ>400 nm)
was much smaller, and that of Sr4Al14O25:(Eu,Dy) was negligibly small.
Figure 4.5. Photocatalytic activities of the Ag3PO4 based samples for the RhB degradation
evaluated by (A) Method I (Once irradiation) and (B) Method II (repeated irradiation). The
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inset shows the photocatalytic activities of samples with different mass ratio for RhB
decomposition after 10.5 h. (a) pure Ag3PO4; (b-f) Sr4Al14O25:(Eu,Dy)/Ag3PO4 composite
photocatalysts consisted of (b) 90, (c) 70, (d) 50, (e) 30, (f) 10 wt.% of Sr4Al14O25:(Eu,Dy)
prepared by the precipitation method and (g) Sr4Al14O25:(Eu,Dy)/Ag3PO4 composite consisted
of 50 wt.% Sr4Al14O25:(Eu,Dy) prepared by mixing using an agate mortar.
Figure 4.6. Photocatalytic activities of Sr4Al14O25:(Eu,Dy)/P25 for RhB degradation by
irradiation 30 min for powder sample only once (method I).
The photocatalytic behaviors of Sr4Al14O25:(Eu,Dy) coupled with Ag3PO4 for the
degradation of RhB dye in the dark were explored by the both once irradiation and repeated
irradiation methods (Figure 4.5). To the best of our knowledge, this is the first time that
Sr4Al14O25:(Eu,Dy) long afterglow phosphor has been used as the assistance for photocatalytic
decomposition of RhB dyes. For comparison, the performances of pure Ag3PO4 particles were
also investigated. As shown in Figure 4.5A, it can be clearly seen that unlike the pure one,
after once irradiation all the Sr4Al14O25:(Eu,Dy)/Ag3PO4 composites exhibited excellent
photocatalytic activities for the RhB decomposition reaction in the dark in the absence of
lamp irradiation. Among them, the composite consisted of 50 wt.% Sr4Al14O25:(Eu,Dy)
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showed the highest photocatalytic activity, i.e., it could completely degrade RhB dye with
fluorescence assistance within 10.5 h. In contrast, the pure Ag3PO4 did not decompose RhB
dye at all, due to the absence of irradiation source. Due to the lack of visible light absorption
ability of P25, Sr4Al14O25:(Eu,Dy)/P25 composite could also not degrade RhB dye (Figure
4.6). Thereby, the degradation of organic dyes in the dark may proceed more efficiently by
using a composite with the proper mass ratio of long afterglow phosphor and Ag3PO4
photocatalyst.
Figure 4.7. Zeta potential versus pH for Sr4Al14O25:(Eu,Dy) and Ag3PO4.
The experimental results in the RhB degradation by the repeated irradiation method also
clearly indicated that fluorescence energy could be efficiently used for the photocatalytic RhB
decomposition (Figure 4.5B). This result is highly consistent with that of once irradiation
treatment. Furthermore, it can be seen that the 50 wt.% Sr4Al14O25:(Eu,Dy)/Ag3PO4
composites prepared by the precipitation method (d) showed the photocatalytic performance
superior to that by the mixing method. The zeta potential versus pH value analysis (Figure 4.7)
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showed that the surfaces of Sr4Al14O25:(Eu,Dy) were positively charged, while that of Ag3PO4
were negatively charged between pH 5.4 and 6.4. Therefore, the negatively charged Ag3PO4
particles might be strongly adsorbed on the surface of positively charged Sr4Al14O25:(Eu,Dy)
particles to form the uniformly coupled Sr4Al14O25:(Eu,Dy)/Ag3PO4 composite. This may be
the reason for the more efficient RhB decomposition ability of composite sample prepared by
a simple precipitation process. The slight decrease in the RhB concentration in the presence of
pure Ag3PO4 (a) seemed to be caused by the decomposition of RhB dyes adsorbed on the
surface of Ag3PO4 under black lamp irradiation during the repeated irradiation test.
Figure 4.8. (A) Emission spectra and (B) emission decay profiles of Sr4Al14O25:(Eu,Dy)/
Ag3PO4 composite samples with different contents of Sr4Al14O25:(Eu,Dy).
For the investigation of the influence of Sr4Al14O25:(Eu,Dy) assistance on the
photocatalytic activity of Sr4Al14O25:(Eu,Dy)/Ag3PO4 composites, the emission properties of
the composites have been studied. As shown in Figure 4.8A, all the composites showed the
emission spectra peaked at 490 nm, which are almost identical to that of Sr4Al14O25:(Eu,Dy),
attributed to the typical 4f65d1-4f7 transition of Eu2+.16-18 It indicated that the long after glow
luminescence property of Sr4Al14O25:(Eu,Dy) was kept even after deposition of a large
amount of Ag3PO4 on the surface. Moreover, the persistent emission intensity decreased with
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an increase in the content of Ag3PO4 as shown in Figure 4.8B. The similar phenomenon has
been observed in XRD analysis (Figure 4.9), in which the intensity of XRD peaks attributed
to Sr4Al14O25:(Eu,Dy) decreased with an increase in the Ag3PO4 content.
Figure 4.9. Mass ratio dependent XRD patterns of Ag3PO4 based composite samples.
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Figure 4.10. Effect of the irradiation intensity of a simulated solar light on the decomposition
of RhB by pure Ag3PO4. (A) Time dependence of the degree of remained RhB. (B) The
degree of remained RhB under irradiation of various intensities of simulated solar lights for 1,
3 and 5 min. The intensity was adjusted by changing the distances between sample and light
source.
In order to further clarify the effect of the irradiation light intensity on the RhB
decomposition, the RhB decomposition behaviors by pure Ag3PO4 were tested under different
light intensities, while other reaction conditions (the amount of Ag3PO4, initial concentration
and volume of RhB aqueous solution, and reaction time) were made the same using a
simulated solar light. As shown in Figure 4.10A, the RhB concentration monotonously
decreased with time. On the other hand, the RhB degradation rate linearly increased with an
increase in the irradiation light intensity at first up to 100 W/m2, and then gradually increased
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above 100 W/m2 as shown in Figure 4.10B. The rate of photocatalytic reaction may depend
on the numbers of photo-induced electrons and holes, concentration and diffusion rate of the
substrate, etc. The linear increase in the reaction rate in the range of low light intensity less
than 100 W/m2 may be due to the increase in the electrons and holes' numbers. Above 100
W/m2, however, the decomposition rare seems to be controlled by the diffusion rate of RhB
from the solution to the surface of Ag3PO4 particles. The linear increase of RhB
decomposition rate under low irradiation light intensity suggests that the low intensity of the
long afterglow from the Sr4Al14O25:(Eu,Dy) phosphor can be effectively used for the RhB
degradation (Figure 4.5B).
4.2 Conclusions for Chapter 4
A facile and efficient process for RhB dyes degradation in the dark by Sr4Al14O25:(Eu,Dy)
assisted Ag3PO4 composite photocatalysts after turning off the irradiation light has been
demonstrated. Moreover, studies of their photocatalytic performance have indicated that the
Sr4Al14O25:(Eu,Dy)/Ag3PO4 composite consisted of 50 wt.% Sr4Al14O25:(Eu,Dy) exhibited the
highest catalytic activities for the degradation of RhB in the dark. This fundamental
understanding shows that the photocatalysts coupled with a proper amount of long afterglow
phosphors could continuously degrade organic contaminants even after turning off the
irradiation lamp, indicating the development of a full-time active highly efficient
photocatalyst system.
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Chapter 5. Summary and conclusions
Chapter 1 gave a general introduction of the mechanisms of photocatalysis phenomenon
and the applications of photocatalyst in the environmental purification, together with the
developments in this field. The importance of fluorescence assisted photocatalysts among
various photocatalysts was explained; and various approaches to develop high-performance
photocatalysts based on TiO2, SrTiO3 and Ag3PO4 were also presented. Finally, the aim and
concept of this research, and the employed synthesis methods, together with the evaluation
system for photocatalytic activity in this study were described.
Chapter 2 described the influence of crystalline phase, experimental factors, Ta codoping
followed by the deposition of Fe2O3, and kind of long afterglow phosphor on the properties
and photocatalytic activities of nitrogen doped TiO2. The degradation of two important
pollutant targets, “continuous flowing NO”, and “CH3CHO”, were employed for the
photocatalytic activity evaluation of fluorescence-assisted TiO2-xNy-based composite
photocatalyst. TiO2-xNy nanoparticles were synthesized by solvothermal method with titanium
trichloride and hexamethylenetetramine (HMT) as raw materials, where the HMT played an
important role as both the precipitant and the nitrogen source. TiO2-xNy-based composite
photocatalysts were prepared by coupling TiO2-xNy with long afterglow phosphor, such as
CaAl2O4:(Eu,Nd), using a mild planetary ball milling treatment. The fluorescence-assisted
photocatalytic performance of various kind of titania coupled with CaAl2O4:(Eu,Nd) for the
oxidative destruction of NO were in the order
CaAl2O4:(Eu,Nd)/(Ta,N)-codoped TiO2/Fe2O3 ≒ CaAl2O4:(Eu,Nd)/TiO2-xNy/Pt >
CaAl2O4:(Eu,Nd)/(Ta,N)-codoped TiO2 > CaAl2O4:(Eu,Nd)/TiO2-xNy (brookite) >
CaAl2O4:(Eu,Nd)/ TiO2-xNy (anatase) ≒ CaAl2O4:(Eu,Nd)/ TiO2-xNy (rutile),
and that of TiO2-xNy (brookite) coupled with various long afterglow phosphors were
CaAl2O4:(Eu,Nd)/TiO2-xNy (brookite) > Sr2MgSi2O7:(Eu)/TiO2-xNy (brookite) >
Sr4Al14O25:(Eu,Dy)/TiO2-xNy (brookite) > SrAl2O4:(Eu,Dy)/TiO2-xNy (brookite) ≒
SrAl2O4:(Eu)/TiO2-xNy (brookite).
The fluorescence-assisted photocatalytic performance of TiO2-xNy (anatase) titania
coupled with various long afterglow phosphors for the destruction of CH3CHO were also
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determined as CaAl2O4:(Eu,Nd)/TiO2-xNy (anatase) > Sr2MgSi2O7:(Eu)/TiO2-xNy (anatase) >
Sr4Al14O25:(Eu,Dy)/TiO2-xNy (anatase) > SrAl2O4:(Eu,Dy)/TiO2-xNy (anatase) ≒
SrAl2O4:(Eu)/TiO2-xNy (anatase).
The results revealed that by coupling with long afterglow phosphor, the photocatalytic
activity could be improved, and thus the TiO2-xNy with assistance of fluorescence could
efficiently degrade the pollutant target both under light irradiation and in the darkroom after
turning off the light source. TiO2-xNy with brookite phase showed a utilization efficiency of
fluorescence for photocatalytic degradation of flowing NO superior to TiO2-xNy with anatase
and rutile phases. The optimal mass ratio of CaAl2O4:(Eu,Nd)/TiO2-xNy was 3 to 2.
Furthermore, by codoping with Ta ions followed by Fe2O3 deposition, the photocatalytic
activity of TiO2-xNy based composites could be greatly enhanced, e.g. the persistent
photocatalytic deNOx activity of such sample kept at 10.7 % in the dark after turning off light
for 3 hr. On the other hand, after the treatment of 30 min irradiation only for powder sample,
even in the absence of irradiation light, TiO2-xNy with anatase phase could successfully
degrade CH3CHO by the assistance of optimal fluorescence emitted from CaAl2O4:(Eu,Nd).
By using CaAl2O4:(Eu,Nd)/TiO2-xNy, 50 ppm of CO2 should be generated from 10 μL of
CH3CHO aqueous solution (10 at.%).
Chapter 3 investigated the influence of Cr ion doping, oxygen vacancy creation, and Fe2O3
deposition on the property and photocatalytic activity of SrTiO3-based composite
photocatalysts. By a high efficient microwave-assisted hydrothermal method, nanoparticles of
SrTiO3 doped with Cr, with oxygen vacancy and deposited Fe2O3 were synthesized using
Ti(OC3H7)4, SrCl2, Cr(NO3)3, FeCl2 and oleic acid as raw materials. The oxygen vacancy
induced SrTiO3 nanoparticles were synthesized by the nonstroichiometric atomic ratio of Sr
and Ti (Sr/Ti=1.67). The obtained samples showed extremely small crystallite sizes around 50
nm, and no change in crystalline phases, regardless of the doping metal ions or the oxygen
vacancy. Doping with Cr or oxygen vacancy creation caused no change in the light absorption
property but different sensitivity to different irradiation intensity. Deposition of Fe2O3 could
enhance the visible light absorption even without the addition of oleic acid. The
fluorescence-assisted photocatalytic performance of various kind of SrTiO3 coupled with
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CaAl2O4:(Eu,Nd) for the oxidative destruction of NO were in the order
CaAl2O4:(Eu,Nd)/Cr-doped SrTiO3 > CaAl2O4:(Eu,Nd)/SrTiO3/Fe2O3 > CaAl2O4:(Eu,Nd)/
SrTiO3 (Sr/Ti=1.67).
The photocatalytic activities for the decomposition of NO, the doping of Cr showed an
obviously positive effect in enhancing the activity not only under irradiation but also in the
dark with the assistance of fluorescence after turning off light, while the oxygen vacancy
creation caused the great increase in visible light driven activity but slight increase in
persistent photocatalytic activity after the removal of irradiation. The determining factor was
attributed to the different energy transfer. Under low irradiation intensity, foreign electrons
excited from Cr3+ played a fatal role, while the energy loss by the recombination of
photoinduced electrons/holes could not be ignored in oxygen vacancy induced SrTiO3. On the
other hand, SrTiO3/Fe2O3 based composite with high persistent activity was also obtained
from the same starting materials except oleic acid by simply controlling the synthesis
sequence.
Chapter 4 represented the enhancements in photocatalytic activity for RhB dyes
degradation by constructing a kind of Ag3PO4 based photocatalysts, Sr4Al14O25:(Eu,Dy)/
Ag3PO4. The photocatalytic activity of Ag3PO4 for the decomposition of RhB was much
higher than that of TiO2-xNy and Cr doped SrTiO3. By coupling Ag3PO4 particles with
water-stable Sr4Al14O25:(Eu,Dy) without visible light responsiveness but eye-visible persistent
luminescence, a fluorescence-assisted Ag3PO4 photocatalyst was formed. The optimum
Sr4Al14O25:(Eu,Dy) content was ca. 50 mass%, and the Sr4Al14O25:(Eu,Dy)/Ag3PO4 composite
showed excellent activity based on the high RhB dyes degradation ability of Ag3PO4 and the
stable fluorescence from Sr4Al14O25:(Eu,Dy) in aqueous solution. Furthermore, the durability
in photocatalytic reaction could also be demonstrated by this fluorescence assisted Ag3PO4.
On the other hand, the rate of photocatalytic reaction may depend on the numbers of
photo-induced electrons and holes, concentration and diffusion rate of the substrate, etc.
Therefore, the rate of dye decomposition linearly increased in the range of low light intensity
less than 100 W/m2 due to the increase in the electrons and holes' numbers. In contrast, above
100 W/m2 the decomposition rare slightly increased since the reaction was controlled by the
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diffusion rate of RhB from the solution to the surface of Ag3PO4 particles. The linear increase
of RhB decomposition rate under low irradiation light intensity suggests that the low intensity
of the long afterglow from the Sr4Al14O25:(Eu,Dy) phosphor can be effectively used for the
RhB degradation.
The photocatalytic performances of the samples reported in the thesis are summarized in
Table 5.1.
Table 5.1 Summary of fluorescence-assisted photocatalytic performances on photocatalytic
degradation of NO, CH3CHO, and RhB dyes in the dark.
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The photocatalytic deNOx was proceeded in a continuous flow system, while CH3CHO
gas and RhB dyes solution were degraded in the closed system.
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In the present thesis, enhancements in the photocatalytic activity of fluorescence assisted
photocatalysts were accomplished based on a visible light driven system, in which the
properties of TiO2-xNy, SrTiO3 and Ag3PO4 were modified via a step by step control from
atomic to composite’s level. As shown in Table 5.1, it was suggested the importance of
elements status, crystalline phases and crystallinity in determining the visible light
photocatalytic activity of TiO2-xNy, SrTiO3 and Ag3PO4, which could be optimized for the
novel fluorescence assisted system. In order to fabricate a full-time and high-performance
visible light photocatalyst, supporting TiO2-xNy, SrTiO3 and Ag3PO4 on long afterglow
phosphors was proven to be an easy and effective approach. It is expected that the results in
this thesis can become a useful contribution for the development of a new concept of the
full-time photocatalyst for environmental purification.
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